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.... PRODUCTION OF HUMAN HEMOGLOBIN IN TRANSGENIC PIGS 

5" , • •• 1. 1 .INTRODUCTION . >• 

The -present' invention relates to the use of 
transgenic; pigs; rf or* the. production of human 
hemoglobin^ j /The transgenic pigs of the invention may 
be used: ^as an efficient, and economical source of cell- 
xo free humane -hemoglobin -that may be used for 

transfusions ;and~;ofch.er medical applications in humans. 

l * i s BACKGROUND OF THE INVENTION . 

* ? v.-. < j.r.vli.l.:; HEMOGLOBIN . . _ 

-v:3>;jj..i. w-a. Oxygen absorbed through, .the lungs , is carried 
by hemoglobin inured JDlood cells for delivery to - 
tissues throughout: the body. At high oxygen tensions, 
such: as those, found in r.the proximity of the lungs, 
oxygen: binda; !toiuii)emoglobin/ but is released in areas 

2D of low oxygen ^tension, where it is needed. 

Each. ihemoglob in molecule consists of two 
alpha- >giobin and :?two beta globin subunits. Each 
subunit, i:in turn* <is noncovalently associated with an 
iron^containihg-iiheme group capable of carrying an 

2>5 oxygen .molecule. . Thus, each hemoglobin tetramer is 
capable of; 'binding four molecules of oxygen. » v The 
subunits work together in-switching between two 
conformational states to facilitate uptake and release 
of oxygen at the lungs and tissues, respectively. 

30 This effect is commonly referred to as heme-heme 
interaction or cooperativity . 

-The hemoglobins of many animals are able to 
interact with biologic effector molecules that can 
further enhance -oxygen binding and release. This 

35, enhancement is manifested in changes which affect the 
allosteric equilibrium between the two conformational 
states- of hemoglobin* For example, human and pig 
hemoglobin can bind 2, .3 diphosphoglycerate (2,3 DPG) , 
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which influences the equilibrium between the two 
conformational .stages of the tetramer anqi. has the net,, 
effect p£ .powering the overall affinity for. oxygen at 
5r the, tissue level. ,,As : a result, 2,3-DPG increases the 
ef f ipienpy, of oxygen .delivery to the. tissues.. 

r? . ^, . • 2.2, GLOBIN GENE EXPRESSION . 
( . r .,, ( .. e . . , Hemoglobin protein is expressed in a tissue 
10- s P??i?i9 manner in red blood cells where - : it accounts^ . 

j, K, i • .... v . 

for etggroximately ninety percent of total ; cellular ( ^ 
proton. Thus,, red blood cells, which, have lost their 
mip;Leus and all but a minimal number of organellas, 
ar^. effectively membrane-enclosed packets of. 

3^ hepogf Jpl5in i dedicated to oxygen transfer. . , ....... .,. 

-j ^i-j J t . Humans and various other species produce >w 
d^f^^fent^ types pf . hemoglobin during embryonic., .fetal, 
anpL. adult, .dey^lppinental. periods. ..Therefore., . thp ,.. L . 
f^ctojrg that: influence glpbin gene, expression. ; Nust be 

2q able to achieve tissue specific control, quantitative 
control, . and developmental ly regulated -cpritrpl of 
globin expression. .... v 

tV .. it ,. : . .... Human, globin genes are found in_ clusters, on 
chromosome. 16 for alpha (a) globin and chromosome 11 

25. fpr. beta (/?) globin. . The human, beta globin g^ps, ; 

cluster consists of about 50 kb of DNA th^t includes 
ojj^ embryonic. gene encoding epsilon ( e) . globin,, two 
fetal : genes .encoding gamma (7) G and gamma A gjpbin, 
aji£. two adult genes encoding delta (6) and tyet.a .(&) 

30 glpbin, , in that order (Fritsch et al.,. 1980, . Cell (i . 
19:959-9721. • <:-. . 

It has been found that DNA : sequences both.. .. ... 

upstream and downstream of the 0 globin translation; 
initiation site are involved in the regulation of 

35 glpbin gene expression (Wright et al., 1984, Cell 
3^,: 263) . In particular, a series of four Dnase I 
super hypersensitive s^tes (now referred to as the 
locus control region, or LCR) located about 50 



WO 93725071 



- 3 - 



PCT/US93/05629 



kilObase& tfpgtreath of the human beta globih gene are 
extremely import ant in eliciting properly regulated - 
beta globirHloeug expression (Tuan et al., V1985, Proc. 
5 Natl-. Acafl:/ Soi UiS. A , ;-:83 : 1359-1363 ; PCT Patent 

Application WO &9X>1517 by Grosveld; Behringer et al., 
1989 , Science v245r 97 1-97 3; Enver et al. , 1989, Proc. 
Natl- Acad-. Sci. U.S.A. 86:7033-7037; Hanscombe et 
alv; :&989„ Genes Dev. 3:1572-1581; Van Assendelft et 
10*. al., 1-989-, Cell 56:967-977; Grosveld et al., 1987, 
Cell 51:975-985) . 

- i ^ -2V3 THE NEED -FOR A BLOOD SUBSTITUTE 

•:.:».-:: \Receritly, :the molecular aspects of globin . 

JS gene: -expression have met with even greater interest >as 
researchers .tiaye lattempted to use -genetic engineering 
to produ&e';*! synthetic blood -that would avoid, the 
pitfalls u5>f donor '.generated blood. In 1988 , ..between 
l&.-miiriori and '14 -million units of blood were used in 

2o the i United States alone (Andrews, February 18, .1990, 
New York tTime_s>, an enormous volume precariously - < v 
dependent 1 on volunteer blood donations. About 5 ^ 
percent/ of -donated -blood is infected by hepatitis 
Virus (Idvy and, 'although screening procedures for -HIV. 

25 infection -are generally effective, the prospect of 
contracting .-transfusion related A.I.D.S. remains a ; 
much feared possibility. Furthermore, transfused 
blood must be compatible with the blood type of the 
transfusion recipient; the donated blood supply may be 

30 unable to provide transfusions to individuals with 

rare- blood types; In contrast , hemoglobin produced by 
genetic engineering would not require blood type 
matching, would be virus-free, and would= be available 
in potentially unlimited amounts. Several research 

35 groups have explored the possibility of expressing 
hemoglobin in microorganisms. For example, see 
International Application No. PCT/US88/01534 by 
Hof fman and -Nagai, which presents, in working 
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examples, production of human globih' " protein- in : \£. " s 

5 ,. -r^ A - 2-4. TRANSGENIC ANIMALS • : : :-:-n,-. : 
- - A transgenic animal is a non-human-aniihal 

containing at least one* foreign gene, c&lled-a' 
transgene, in its genetic material:- Preferably,' the 
transgene is contained in the animal 1 s -cjerm-'line such 

10 ;; that .it can be transmitted to the animal's offspring. 
A -number of techniques may be- used to introduce ■ the 1 ■ 
transgene into an animal's geftetic material/ J- : 
including, but not limited to, microinjection of the 
transgene into pronuclei of "-fertilized eggs' and i 

13. manipulation of embryonic stem cells (U.S. T; Patent -'Rdv 
4/873,191 by Wagner and Hoppe; Palmit^r and Brinster, 
1986, Ann;. Rev; Genet. 20:465-499; French Patent i^^ 
Application 2593827 published August 7 > 1987) . • { ^ 
Transgenic animals may carry '* the transgene ih "ail" C€ 

20 their cells or may be genetically mosaic; ■ ' — 
. Although the majority of studies hacve 
involved transgenic mice, other species of transgenic 
animal have also been produced, such as rabbi ts> jf * : - ti " 
sheepv pigs (Hammer et al. f 1985 . Nature 3 15 : 680^683) - 

25-.. and chickens (Salter et aL , 1987 v Virology T57 ;2~36~ ■ 
240) . .Transgenic animals are currently being 
developed to serve as bioreactors for the ' production 
of useful pharmaceutical compounds (Van Brunt 1988 , 
Bio/Technology 6:1149-1154; Wilmut et al., 1966/ New' 

30( Scientist (July 7 issue) pp. 56-59) . 1 'iyb"^ 
Methods of expressing recombinant protein 
via transgenic livestock have an important theoretical* 
advantage over protein production in recombinant 
bacteria and yeast; namely, the ability to -produce * 

35 . large, complex proteins in which post-translational 
modifications, including glycosylation, 
phosphorylation, subunit assembly, etc. are critical 
for the activity of the molecule. 
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In practice, however/ the creation of ! 
transigenic : livestock" has proved* probiema£ic. Jlot only 
is it technically difficult to produce transgenic: 
5 embryos', but mature transgenic 'ariimals that prbduce ' 
significant quantities of recombinant" protein* r may 
prove inviable. In "pigs in particular the" ekperierice 
has been that pigs carrying a girowth 'hoihriohfe' encbding 
transgene (tHe only transgene intVbdiiced into' pigs 

'10 prior to the preisent invention) suffered from a number 
of health problems/ including severe arthritis V lack 
of* coordination in their rear legs, susceptibility to 
stress, anoestrus in gilts arid lack of libido in boars 
(Wilmut et al., supra ) . This is in dontrast "to 

15 transgenic mice carrying a growth hbrmone" transgene, 
which appeared to be healthy : ("Pai^iter '&K' ! ai'?'j lx i9B2 0 
Nature 300: 611-615) / Thus,"' jpribr ' l to 1 ^e'prWent -* 
invention, healthy transgenic pigs (which efficiently 
express their transgene (s) ) Had 'hot ' been produ'decj, 

20 ' """" ' ' "' ' *' 

2.5. EXPRESSION OP g£oBIN GENES IN TRANSGENIC ANIMALS 

Transgenic micd carrying human gibkih 
transgehes have been used in stiidyirig thd' molecular 
biology of globin g^ne expression." ^' hybrid n 

25 mouse/human adult beta gldbiii gene l Was described by 
Magrara et al. in 1985 (Nature itlS: 33&-3^)7" Kollias 
et al. then reported regulated etfptession of human * : 
gamma-A, beta, and hybrid beta/gamma globin genes" in 
transgenic mice (1986/ Cell 46:89-94)1 l " Ttansgehifcf 

30 mice expressing human fetal gamma gldfcin we ire' 4 studied 
by Enver et al. (1989, Proc. Neitiv'Ac&tii. Sci. 'U.'S-A. 
86-7033-7037) and CoVistaintbulakis* et al. (1991/ Blood 
77:1326-1333). Autonomous developmental control of 
human embryonic globin gene switching in transgenic 

35 mice was observed by Raich et al.' : (1990, Science 
250:1147-1149) . 

Transgenic mouse models for a variety of 
disorders of hemoglobin or hemoglobin expression have 
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been developed ; including sickle^.cell disease . (Rubin 
,et alv , 1988, Am. Human Genet . 42: 585-591; Greaves 
et al., 1990, Nature 343 : 183^185 ;. Ryan et al., 1990, 
5 Science 247 : 566-^568 ; -Rubin et al . , 1991, J. Clin. 
Invest. 87:639-647) ^ thalassemia*; (Anderson et al., 
1985, Ann. New ; York' Acad j 'Sci-. (USA) 445 :445-451; 
Sorenson et al. , 1990> Blodd '75:1333-^1336) ; arid 
•hereditary persistence 1 of -fetal hemoglobin (Tanaka et 
10 al., 1990, Ann. New Yotk-Aqadi'Sci. (USA) 612: 167- 
178) : ' • " . •' -< ■•■ ' ■ ■ ■ ; • 

Concurrent ; expression of human alpha and 
beta globin has'iled to- the production of human 
hemoglobin in transgenic mice . (Behringer et al., 1989, 

15 Science 245 t971^973 : Townes <et al; / 1989, Prog. Clin. 
Biol. Res. 316 A:47-6lr Hariscombe et al., 1989, Genes 
Dev. 3 : 1572=-15B1) . ItJ ^was ' observed by -Hanscombe et 
al. ( supra ) -that transgenic fetuses with high copy 
numbers of a transg6ne : encoding alpha but not beta 

20 globin: exhibited severe' .anemia and died prior to 

birth. - Using ' a -construct with; both human alpha and 
beta globin genes under, the control of the beta globin 
LCR, live mice '=with.^ low copy numbers were obtained 
(Id.). Metabolic labeling! experiments showed balanced 

25 mouse globin synthesis, but imbalanced human globin 
synthesis, with* an alpha/beta biosynthetic ratio of 
about 0.6 (IdO - ; 

3 . ; i SUMMARY* OF' THE INVENTION 
30 The present 'invention relates to the use of 

transgenic pigs fort the production of human hemoglobin 
and/or human globing It .is based, at least in part, 
on the discovery that transgenic pigs may be generated 
that express human hemoglobin in their erythrocytes 
35 and are healthy /suffering no deleterious effects as a 
result of heterologous hemoglobin production. 

In particular embodiments, the present 
invention provides for transgenic pigs that express 
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human globin genes. :>Such animals .may vbe used as . a., 
particularly efficient and economical source* of r human 
hemoglobin, in light of (i) the relatively short ..r. 
5 periods .of gestation and sexual maturation, in pigs; 
(iii) the size and frequency of litters, (iii) the 
relatively large size of the pig which provides; .:, 
proportionately, large yields of hemoglobin; .and. .(iv) 
functional: similarities between pig and human 

xo hemoglobins , in the regulation of oxygen binding- ! < ; 
affinity which enables the transgenic pigs .to: remain 
healthy in the presence of high levels of human 
hemoglobin. 

. ; .. : The present -invention also provides . for 

15 recombinant nucleic acid constructs 'that;, may .be used 
to generate transgenic pigs. = In preferred 
embodiments* such constructs place the* humane alphas and 
beta globin genes under the; same promoter so as to 
avoid -deleterious. effects of -globin chain . imbalance 

2o and/or titration of transcription factors due-tot * 
constitutive j8-^globin promoter 1 activity -in: an 
inappropriate, cell type (e^g, -a primitives : i , ; .u>i: m 
erythrocyte).. In other preferred embodiments of the 
Invention, the constructs comprise , the pig mdult-. beta 

25 globin gene. regulatory region, comprising the promoter 
6r the 3 1 region of the pig beta globin >gene. 

In an additional? embodiment /-the present 
invention provides for a hybrid hemoglobin that.: 
comprises human a globin and pig 0 globin. . The >Vhole 

30 blood from transgenic pigs expressing this;. hybrid ;> 
hemoglobin appears to exhibit a P 50 that is:. ; 
advantageously higher than that of * native human or pig 
blood. - 

The present invention also provides for a 
35 method of producing human hemoglobin comprising (i) 
introducing a human alpha globin and a human beta ' 
globin gene, under the control of a suitable promoter 
or promoters, into the genetic material- of a pig so as 
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to create a transgenic . pig. that -.tsxpressf^s Jhuman . , 
hemoglobin in at least some of its : red blood cells; 
(ii) collecting red blood cells from the transgenic 
5 pig; (iii) releasing the contents. of tjie ; collected red 
blood cells; and (iv), subjecting . the , released .cpntents 
of the red.. blood cells to a purification; prpcedure 
that substantially; separates human ^hemoglobin, .frpm pig 
hemoglobin. In a preferred embodiment of the 
. 20 invention, human hemoglobin may . be separated from. pig 
hemoglobin by DEAE anion exchange colymn.. 
chromatography^. :-■•:>-*■• ^ ; _r 

4 ■-. . DESCRIPTION OF THE FIGURES , . , : 

^5 Figure l. Recombinant:, nup.leic, acid.. constructs.. . ■ .. .. 
. A. Construct-; aajS. (the* , V116. ;: cpnstr« l ipt) ; : , B. 
. Construct ap& :(£he "l.SS/V.qpns.trwPl^);;,^*: Construct 
0pa {the. "290" construct); D. Construct epffla; E. 
• ; Construct fp.eapjS;- E. . Construct; apfi, .carrying a 

20 jSl08 : Asn ->■. Asp : .mutation (the hemoglobin . 

Yoshizuka construct' 1 ); G. !t Construct ap)3 carrying 
a 0108 Asn,,^> Lys, mytatipn, ,(the "bemqglqbin 
Presbyterian construct"),; H, Construct apjS(Aa) 
coinjected with .LCR a (the. "285^ construct) ; I. 

i2 5 Construct ap/3 carrying an al^AvThr r> C Y S 

.mutation (the "227.1V construct-:) ;;, J iV Construct ap0 
carrying an. .a 104 Gys ; -> 1 .,Sp^ i ..Jiiutation (the . "227" 
construct), a ^93- Cys -> Ala jiutajtion, : and a (3112 
Cys -> Val .mutation (the .y 2.2 ^construct).,; K. 

30 Construct apS (the "263" construct) ; and L. 

Construct ap5(Aa) coinjected with JJCR a (the 
"274" construct) ; M. Construct LCR a coinjected. 
with LCR e/3 (the "24 0" construct),; N. Construct 
apj3 carrying a #61 Lys -> ; Met . mutation . (the 

35 "Hemoglobin Bologna" construct;) ;; p.. Construct LCR 

ecr/J (the "318" construct) ;. P. Construct LCR ac0 
(the "319" construct) ; Q.. Construct LCR aaefi (the 
"329" construct) ; R- Construct LCR <xe ( pis jSp) § (the 
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. ( "339" construct).; S. r; : Constructv &p/J -carrying . an- 
... :a75 Asp -?> Cys .mutation,- (the " 34 0" construct )„; T. 
Construct app carrying an ct42 Tyr ;•— >* Arg mutation 
5 , (the -"341" construct) ,vU.. Construct, .LCR epaa (the 

"343" construct); V. Construct LCR e&a (the "347" 
construct) ,\ <W> Construct ; ap# carrying an a42 Tyr 
... Lys mutation; X.. ..Construct M( qcpj8 carrying an a42 
v. • *. Tyr -> Arg. mutation:? - and, a } Asp -> Glu.= 
10 mutation; . Y. Construct. . a pj3 parrying an a42. Tyr -> 

.Lys mutation; and ; ca.ij399 Asp ;t> 61u mutation. 
Figure 2. Transgenic . pig*. l,.,m ■•.*■.>■-■ 
Figure .3. , Demonstration j-of, human hemoglobin .. 
- - expression, in transge.nic.;.^-ig?- ^ A.. Isoelectric 
15 focus ipg t r ge.l. : .a na lys is. . : B o ;_Tr iton-^ac id urea gel 

p.f .-hemolysa.tes, o£ .jred .blood ncells .representing 
human blood (lane y-l) ;, ibloodiirfrom transgenic pig 
,,12-1 (lai^e 2) :9rt3i :(l^ne ,3>>.-aiid 6-3 (lane 4) ; 
) : : and -pig blood (4fth^c&)j cshows r^nder ; T.expression. of 
20 ■■ human # globin relati.ve; t :to ihuman ;a globin in the 
: transgenic, an imalsy,'. 
Figure 4 . geparat^n of /human, hemoglobin and pig 

• hemoglobin . by : DEA£ ^chromatography . A. Hemolyzed 
.: mixture of hum^n ^nd^pig red; .blood cells; B. 
25 - Hemolysat.e %c p,f- ^ ,red, ,b ( lood -cells collected; from. 

transgenic pig^;6<-jU D vC* Human and mouse - 
^hemoglobin .dp pert separate by-DEAE chromatography 
under these conditions- .: D. -Isoelectric focusing 
of human hej^globin ^purif ied from pig hemoglobin. 
30 Figure 5. Isoelectric focussing gel of , reassociated 
pig hemoglobin- .1) ; reassociated pig/human 

hemoglobin mixture (ilanes.v2 and 4) ; reassociated 
human hemoglobin : ( lane 3|,\ and . transgenic pig 
hemoglobin (lane 5).v.... 
35 Figure 6. .Separation ,pf .ihuman hemoglobin by QCPI 
chromatography. ; fT 
Figure 7. Oxygen affinity of transgenic hemoglobin. 
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Figure ;8, ? PN/V ,s,qque>r>ce of the pig adult beta globin 
gene .regulatory, region,- including the promoter region. 
Sequence extending ,tp 869 base pairs upstream of the 
5 ATG initiator, codpn (boxed) of the pig beta globin 
genesis shown.... Thq position of. the initiation of 
mRN A f . the ; cap .site., ,is indicated by an arrow. The 
sequences. corr : esppnding to GATA transcription factor 
binding : .^ites. ; are underlined. 
10 Figure, ?_> v Comparison of pig (top) and human (bottom) 
beta globin ;C regulato3:y ..sequences. Differences in the 
two sequences .^re ; . marked by asterisks. 
Figure 10. ., ..(Jrsph ^depi^ting the percent homology 
it . .between. , pig. and human adult beta globin gene 
15. <■ -i ; r ^-9 u i; a ^fliiM sequences, ; with base pair distance 

■ v. t -f r;om ;tl>e ii^i^iator c.odon mapped on the abscissa. 
. .^.A.^onp^r^son^f .mouse and. human sequences is also 
i ..shoypv (jotted, line with error bar) . 
Figure *tep pf, plasmid pgem5/Pig)8Pr (k) which..,,,.... 

20. . c J???tains the DNA. sequence depicted in Figure ,8. .. 

Figure. 12- Representation of the 339 and 354 

cassettes ;^or the production of human hemoglobin , 
v : in ? trarjsgjanic : pigs. 
Figiire^ .J3.r .M$p of plasmid pSaf /Pigc (k) , containing, 
25 v iths. p}g C.gene. 

Figure; ; 1.4 y : V( Representation of the 426 and 427 

expression, cassettes for the production of c™.. 
^buman and a b«nui) hemoglobins in. transgenic pigs. 
Figure 15. Is-o-electric focussing gel of hemoglobin 
30 produced by transgenic pig 70-3, which carries . . 

the 339 construct, and by transgenic pig 6-3, 
which . carries, the 116 construct. Human 
; hemoglobin is run as a standard. 
Figure 16. Map of plasmid pig3'j8 containing the 
35 3 ,end of the pig beta globin gene. 

Figure 17. \ .Transgenic pigs obtained from construct 
"339" (See .Figure 1R) . Levels of human 
hemoglobin expression and copy number are shown. . 



Figure- 18 , Isolelectricr tfocusising gel of hemoglobin 
levels in transgenic pigs obtained: nasing 
. construct "339". : ; , .-. v , 

Figure 19. Isoelectric focussing- gel demonstrating.: 

levels of hemoglobin expression in -representative 
transg.ene; positive 38^4 offspring carrying the 
. "185" construct .(or ap/? construct-; :see Figure 

Figure 20; Molecular modeling of hybrid: jhuman a/pig 0 
and human a/human 0 hemoglobin molecules... t j3 
subunits are in blue>;/a ;subunltsrin red.. Above 
the. middle, helix of the fi humane (.blue) one- can - 
see a gap : in the green contour ((see arrow):, r in 
the hybrid this gap : is;.:f iledoiin. .-.Hhis difference 
is due. to a. change at.#112 Cys™^>Val,» where o>.- 
Valine contributes. to greater hydrophobic 

interactions*.,; : mW:;... v.--< : 

Figure 21. Molecular., modeling demonstrating- the.*, 
differences ; at : the . OEjjB,; intertf ace ~ between a - j8 
globin containing Cys at position; 112 (the>yellow 
molecule) and a )8 globiny.wiith, :Val at position 112 
(the white molecule);.. Cys* rs: yellow, 3/al is 
white and the opposing .a, interface .is ried.., Val 
is flexible.- One: arm of 'its; branch can. easily 
-. . move for a nearly perfect fit against the a 
subunit- residues. ; The: yellow. Cys- is slightly^ 
further allowing for a small gap. (see "arrow) . 
Biosyn^s standard default Van der. Waal 4 s distance 
was used. . ;•. ; . v -s; 

Figure 22. Purification .of Hb Presbyterian from - . 
transgenic pig hemosylate. 

Figure 23. Characterization of purified Hb ^ 

Presbyterian by-HPLC showing separation- of the 
heme moiety, pig a globin ("p alpha"), human beta 
globin ("h beta") f human alpha : globin ("h alpha") 
and pig beta globin ("p beta"); 

Figure 24. Oxygen binding curve for Hb Presbyterian. 
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Figure 25; "Purification of > Hb J Yoshizufca- from 
- transgenic ^pig -:heiiiolysate. , ( t - 

5 : 5 . DETAILED DESCRIPTION OF' THE INVENTION 

The ^present;- indention, provides for a method 
of producing; human* hemoglobin that- utilizes transgenic 
pigs> j novel ^globin^enfco&ing-nucleic- acid constructs, 
and transgferti^'pi§s r th&t ; *e#press : human^ hemoglobin. 
10 For 1 purposes of -clarity- of ^description, • and not by way 
of limitatibn, thfe: detailed description of the 
invention is divided into.*: the . following subsections: 

(i) * preparation of globin gene constructs; 

(ii) * preparation = of transgenic pigs; 

15 1 : v ^<fiii) ■ . prieparation r ibf human, hemoglobin and 

'-r , -it-it'fe'.- Reparation from pig hemoglobin;. 
v>--';c\. and 

(iv) r f prfeparatibn^of h£urtan/pig hybrids 
w . ■ U ) <hembgiobin . ; \:r*- 

IV ■ i,;.5 . i-i.-f ' PREPARAfrlON^QF GLOBIN GENE CONSTRUCTS 
• vt ; - MThe present- itwehtion provides for a method 
of producing huftfciv globin and/or hemoglobin in 
trahisgenic* pigsO HUman- hemogdobin is defined herein 

25 to refer 1 to ; hfembglbbin ■formed by- globin chains encoded 
by human- globin genes^ (including alpha; beta / delta, 
gamma, 1 fepsilon -and^* zeta genes>) or- variants thereof 
which are naturally occurring or the products of 
genetic engineeringi--' Such variants are at least about 

30 ninety percent homblb§oU£7 in : amino acid sequence to a 
naturally occurring human hemoglobin; In preferred 
embodiments, the 1 human hemoglobin of the invention 
comprises a human alpha globia and* a human beta globin 
chain. The human hemoglobin of the invention 

35 comprises fit least two : different globin chains, but 
may comprise more than two chains, to form, for 
example, a tetrameric molecule/ octameric molecule, 
etc. In preferred (embodiments of the invention, human 
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hemoglobin '.consists of two human alpha globin chains 
and "two hoiman : beta -iglobin chains. As discussed*- infra . 
the present;, invention also: provides for hybrid • 
5 hemoglobins .comprising '■human a globin and pig 0. 
glbbin-.-.'-...r..»-.c-.r : :-, .... .. ■-. v. ■ 

* ; " --According to particular embodiments of the 
present invention/ at least one human globin gene, 
such : as:aihuman>ialpha ^and/or a human beta globin gene, 

10 uriddr t*helc6ntroi:iof -a suitable promoter or ; promoters, 
is inserted! into 1 the genetic material of a pig : sd-as 
to;v;create= a 'transgenic pig that carries human .globin 
in^at least) somevof its red blood cells. This 
requires the-'-preparation of appropriate recombinant 

15 nucleic acid-ise^uences. In preferred embodiments .of 
the . inVentlon,ni)oth human a and human jS genesi.are- ... 
expressed; ^In.uan alternative embodiment, only human a 
globin idr human /8* globin is expressed. In further- 
embodiments yfofiiamari' embryonic or fetal globin genes are 

20 expressed i ofc i aro used .as developmental expression ■ 
regulatoirsviof) adult genes. > 
:. cHuman^alpha 1 and beta globin genes may be 
obtained i *f rom. publicly available clones, e.g. as 
described xin Swanson et al., 1992, Bio/Technol. : = 

25 10s557^559c 'Nucleic acid sequences encoding human 

alpha and i.beta globin proteins may •: be introduced- into 
art animal via two different: species of recombinant 
constructs* one which -encodes human alpha globin, the^ 
other encoding human beta globin; alternatively, and 

30 preferably; >bothvalpha and beta-encoding sequences may 
be ; comprised in the same recombinant construct. The 
pig.fepsilon : globin gene is contained in plasmid- ■ 
psaf/pig e (k) (Figure 13), deposited with the ATCC 
and .assigned: accession number 75373. 

35 •■U:.-:.; A suitable promoter, according to the 

invention, t is- a promoter which can direct 
transcription. of human alpha and/or beta globin genes 
in red blood cells. Such a promoter is preferably 
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Selectively active in erythroid cells. This would 
include, but is not limited to, a globin gene 
'■jMfotaoter, sttch as the human alpha, beta, delta, 
*5 epsilon zeta promoters, or a globin promoter from 
another -species. It may, for example, be useful to 
^utilize' 'pig globin promoter sequences For example, 
as ;: discuss'ed in Section 10, infra, 'the use of the 
endogenous pig /3 globin gene control region, as ,v 

£ 0 "contained in plasmid Pgem5/PigjSpr(K) ! , deposited with 
the ATCC and assigned accession number 75371 and 
IraVirig the sequence set forth in Figure 8, has been 
shbwn to operate particularly ef f iciehtly . ! The human 
-alpha and 'beta globin genes may be placed under the 

£5 'control of different promoters, but; since' ft has 'bieen 
'inferred that vastly different levels df glbbiri chain 
'{)rbduc'tidh may result in lethality, it- 'may be 
fcrref erablfe to place the human alpha arid beta' g*lb£5in 
gertes under the control of thfe same promoter* sequence. 
'Iti 'order to avoid chain imbalance and/ or titration of 
'transcription factors due to constitutive j3-gTdi>in 
firbmoter activity in an inappropriate celT'typey it i's 
desirable to design a construct which leatts to' tu * 
coordinate expression of human alpha and bkta ' globiri'' 

25 ^ e nes at the same time in development arid at :; 
quantitatively similar levels. 

-In one particular , non-1 imiting ! 'embodiment 
of the invention, a construct comprising the ' aa/i 
construct (also termed the "116" construct; Swahs ; 6h ; 6t 

; 30 ^1'. , 1992, Bio/Technol. 10:557-559; see Figure 1A) may 
be utilized. Although this construct, *when : present as 
a : transgene at high copy number, has resulted in ! 
deleterious effects in mice, it has been used* to 
produce healthy transgenic pigs (see Example Section 

33 6 , infra ) . ' 

In another particular, non-limiting ■ 
embodiment of the invention, a construct comprising 
the apjS sequence (also termed the "185" construct; see 
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■Figures ^lB) i<v may be us^d; * Such A-coristruct has the 
-advantage off piaci-ng ; bot i h ; alpha -arid beta globin- 
ericbding sequeric^s urtctezr t'he' control of the same 
5 promoter (the alpha globi ; n promoter ) 

- i * " in anothier' • particular ;■ non-limiting 
embodiment of- ther ! irtv6ntdon, ~a construct coding for 
di-alpha globirv like*p<s>lypeptidesi niay be introduced to 
f orm transgenic pigs *>tftat : prbduce human hemoglobins 
tjxo Vith decreased dimerizatibn- and an increased half -life 
(WO Patent ^9013i645 , ) t . * 

: j 'In lyet -another particular, fton-limiting 
embodiment *»of the invention; a construct comprising 
&he human* a'dult alpha glbbin and epsilon globin gene 1 /' 

: 15 the 1 pig ^betia globin gene control region "and the human 
fcetav globin -gfene'rX "the 3a9' Construct , see Figure 1R) 
may be -uskdi = o< tht- . . ; - •■■ . - 

y.. . n j j ."Fu r t h fe r mo r e y * th e 'incorporation of a human or 
pig epsilotv globiri ^gerte intb r the Construct may 
facilitate the product ibn- of high hemoglobin levels. 
•The pig epsildri- j glbbiri f *g<ehe may" piermit correct 
developmental regulatibn of the adult 0 globin gene. 
High -levels bf>; egression of introduced adult alpha 
globiti ge'ne (s) f may 1 result • ih : a chain imbalance problem 

25 dur ing -intr«aiter i'ne development of a 'transgenic pig 
embryo' (bscaTase ah adult beta globin gene in the 
construct wro^ld not yet ibe< expressed) thereby 
compromising the viability *of the embryo. By 
providing high levels, of embryonic globins during 

30 development,, the* viabirity of such embryos may be 

improved. The : pig epsilon globin gene, as. contained 
iii plasmid pSaf /Pige, deposited with the ATCC and 
assigned accession number 75373, is shown in Figure 

35 ,; The -present invention, in further specific 

embodiments, provides for (i) the construct /Spa, in 

which the human alpha and beta globin genes are driven 

by separate copies- of the human beta globin promoter 
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(Eigure-lC) the epfjSpa construct, whic?h , . 
comprises^ human. embryonic genes ; zeta. and epsilon under 
the:, control; of the epsilon promoter and- both alpha and 
5 beta- genes.i under the control: of the beta promoter. 
■.(Figure ,aD) ; . (iii) the fpeap/J construct, which 
comprises /human embryonic genes zeta and epsilon ; under 
.the control of: the zeta promoter and both alpha and 
beta; genes->mnder the, control of the alpha promoter - 

M :<5Fdgwre,ME) ;../.(iv) the ap/3. construct carrying a. 

mutation that results in an aspartic acid residue, 
father, than, an asparagin.e residue) at: amino acid .t 
:nttmbet::a0SB..;Of globin protein, to produce . hemoglobin 
; Y.05hizuka i (Figure IF, construct "294"); (y) the: <*p0 , 

jj5 constrjuct- .carrying, a mutation- that results in a lysine 
residue (rather than an asparagine residue).; at ^mino 
jajDid.otunher ;108 of • jS^giobin protein, to. produce*..! 
hemoglobin; Presbyterian ( Figure. 1G , construct ?2 9.3 V ) . ; 
.i(TVit);-.-<th* ap)3i{Aa) construct, coin jected ,. with. LCR at* • 

20 ;whichi.jC5omprises: the human jS-globin gene.. under the 

pan trod of; the human a?-globin promoter and^; a-.. separate 
inwcleic- acid i f ragment comprising the human - or -globin -v. 
>genei; under* its own promoter (Figure 1H) ; (vii). the orpjS 
.construct ^carrying a mutation that results in a 

,26 cysteine residue (rather than a threonine residue) at 
'-amino acids number. .134 of .a-globin protein ;( Figure. .11) ; 
J(viii) . this apjS construct carrying a mutation that,- 
•results in a serine residue (rather than a cysteine 
residue) at amino acid number 104 of the a-rglobin- 1 , 

30 protein p.an alanine residue (rather than a. cysteine ; 
residue) at amino acid number 93 of the jS-globin 
.protein and., a valine residue, (rather than a cysteine 
residue) at amino acid number 112 of the 0-globin 
protein -(Figure 1J) ; (ix) the ap<5 construct, vWhich : 

-35 'comprises the human adult a-globin promoter under its 
own -promoter and the human 5-globin gene under the 
control of the human adult or-globin promoter . (Fig. 
IK); (x) Construct apS(Aa) coinjected with LCR a, - 
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WAitft comprised the human S-globin gene Under the 
G-bhttoi of r the human a-gloBih promoter and "a ' separate r 
riricleic" acid fragment comprising the huihan a-glbbin 
5 gerie "urider^Its own promoter (Fig, 1L) ; (xi) Gori^tfudt 
ECR ci coirijected with LCR : e/3, which comprises the' 
hiiiriah' a-gidbin gene under 1 the control of its own ' ^ ' ! 
prroiiibteir arid, a separate nucleic acid 'fragment 1 : - ' - 
doin^tising the human embryonic e-globiTi gerie- and the 

llj aiduit 0-globin gene under the control of their own 

promoters (Fig. 1M) ; (xii) the ap/J construct carryiri^ 
&' :: irlutatibn : that results ih a methionine residue 
(rather thkn a lysine residue) at amiri&acid riumbeir 7 -6l 
8f j the lt a-globih protein (Fi<^. IN); (xiii) the edjS - 

i£ ddhstriicfc ; "Which comprises theT human embryoriie ; £p£ilon 
g4hfei "the human adult alpha globih gene arid '"the ; hutttan 
kdtilt feeta globin gene linked ih tandem ffom^S^- to 3' 
''(Pi§ f . : l0)j (xiv) the ae/3 construct, which ^comprises 
the - human ' adult alpha-globin gene, the human embryonic 

2o epsilon gldbin gene arid the human adult b£ta globin 
gehe-\ linked in tandem from 5 f - to '3 ' (Fig; IP) 1 ; Cxv) 
the * construct , which comprises two copies of the 

human adult alpha-globin gene, the human eribryonic 
e^ilbh globin gene and the human j adult beta -'globin ■*>■•' 

2$ genfe linked in tandem from 5'- to 3 1 <Fig;-lQ)-; <*vi) 
thfe- txe ( p *j3p)/3 construct, which' comprises th6 : human 1 
adult alpha-globin gene, the human embrybriit:' epsiion 
globin gene arid' the human adult beta globin gen6* under 
the control of the endogenous porcine adult beta 
globin promoter all linked in * tandem r frbm- 5*— to -3 ■ 
XFig. 1R) ; (xvii) the crp/3 construct carrying' a - r 
mutation that results in a cysteine residue (rather ^ 
than an aspartic acid residue) at amino acid number 75 
of the a-globin protein (Fig, IS) ; ! (xviii) the dpjS 

35 construct carrying a mutation that results in art 

arginine residue (rather than a tyrosinie residue) at 
amino acid number 42 at the a-globin protein (Fig- 1 
IT) ; (xvix) the LCR e/3aa construct, which, comprises 
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the human embryonic epsilon -gibbin gene, the 1 human 
adult beta globin gene and two copies of .'the human 
adult alpha-globin gene linked in tandem' ,;j from 5' - to 
5 3' (Fig* 1U) ; (xx) the LCR e)Sa construct; which 

comprises the human embryonic ep£ilon gltabih : gene , the 
human adult beta globin' gene arid the human -adult 
alpha-globin gene linked in tandem from ; 5' -to 3 1 
(Fig. IV); (xxi) the ap/3 construct carrying a mutation 

10 that results in a lysine residue • ( : rather ! thah a 

tyrosine residue) at amino acid number 42 < of ; the a- 
globin protein (Fig. 1W) ; < (xxiij *the ; crpjS construct 
carrying a mutation that results in an a^ginine 
residue (rather than a tyrosine- residue) at amino acid 

15 number' 42 at the a-globiri proteTn.and A 'glutamic acid 
residue (rather than an aspartic a cid residue) • fct \ 
amino acid number 99 of the : /3-globift >r6teiri ^(Fig. 
IX) ; " (xxiii) the apjS construct carrying la Mutation 
that results in a lysine residue r (rather than a 

20 tyrosine residue) at amino acid nUffiber >42 of the a- 
globin protein and 'a glutamic acid residue (rather 
than an aspartic acid residue) at amino acid number 99 
of the /3-globin protein (Fig; :: 1Y}; and (xxiv) the 
a p« 6 (P«0p) 0 construct comprising 1 the > pig" epsilon globin 

2$ gene and beta globin control-region (constructs 426 
and 427, Figure 14) . — H - ^' - 

In transgenic pigs 'expressing ^huraan 
hemoglobin three types of hemoglobin dimer's are ' 
detectable: pig a/pig (3, human a /human 0; and hybrid 

30 human a/pig 0. In certain embodiments 1 ;: df the 

invention, it may be desirable to decrease the amount 
of hybrid hemoglobin; ■ Accordingly, ^the- molecular 
basis for the formation of hybrid hemoglobin has been 
investigated using molecular modeling studies. Based 

35 on the information derived from these studies, the 

human alpha and beta globin structures can be modified 
to increase the level of human a/human ■/? dimers (See 
Section 11.), so that in further embodiments of the 
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ifiveifi't'i'dfr, constructs comprising the ap$ sequence may 
We* ihbdif ied ±'6' code for a or /? globin proteins 
cari^iTig ^mihb acid changes that will lead to 
5:. increases ih : the ilevel of human a/human /? hemoglobin 
dlmfers in^ 'transgenic pigs. The present invention, 
provides ftor constructs which encode human a globin 
atad httt&ari )8 globin carrying one or more of the 
fOl'l'OWingi inutatibns in the a globin molecule: (1) a 

10 ! > Thr at position 30 instead of Glu"; (ii) a Tyr at 

position 3 6 Instead bfPhe; (iii) a Phe' instead of teu' 
at- position -106; (iv) 'a Ser or Cys instead of Val at f 
position 1 107; and/or (v) a Cys instead of Ala at r 
position' 111 . • "In specif ic embodiments , the construct' ' 

1S ? . carrying- such mutation (s) is ■ the apjS construct'*^ The 
present invention; in further* embodiments; provides . 
for constructs which encode human a globin and human /3 
globin: carrying one or more of the following' rautatibhs 
in the 0) globin molecule: - (1) a Leu'instead of Val at 

2o> position' 33; (ii) a val or lie instead of Cys at r 
position 112; ( iii) a Val or Leu instead of Ala at 
position » at position 115; (iv) a His instead of Gly at 
position 119; (v) a Met instead of Pro at position 
125 ; * *(vi)>van lie* instead of Ala at position 128 ; - 

25*, and/br (vii)- a Glu instead of Gin at position 131; 
and/ot: (viii) -a Glu= instead of Gin at position 131V 
Ini specific embodiments^ the construct carrying the 
mutation (s) r is the ap/? construct. 

In further embodiments it may be desirable 

30 i to include/ in constructs, the untranslated 3' end of 
the pig beta globin gene as contained in plasmid 
pPig3Jjf? (Figure 16) as deposited with the ATCC and 
assigned accession number 75372. (see, for example, 
construct 354 in Figure 12 and Figures 426 and 427 in 

35s Figure 14). Such constructs may also be useful in the 
expression of non-globin protein in pig erythrocytes. 

In* further embodiments, the pig beta globin 
control region depicted in Figures 8 and 9 may be used 
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in i Constructs that encode non-globin proteins for the 
expression of said proteins in transgenic : pig:.: or other 
non-human erythrocytes . - — • • 

The recombinant nucleic acid .constructs 
described above may be inserted into any^ suitable 1 - 
plasmid, bacteriophage, or viral vector . for = jv.: 
amplification, and may thereby be propagated using 
methods known in the art, such as- those: described': in 
Maniatis et al., 1989, Molecular Cloning: ■'■ A -Laboratory 
Manual, Cold Spring Harbor., N.Y.. In the working:., 
examples, presented- below, the pUC ; vector . (Yanishr .v 
Perron et al. 1985.., Gene 103-119) was utilized.; .ru / 
The present .invention further, provides for 
15 isolated and purified nucleic acids comprising; ttoeopig 
adult beta globin promoter . regulatory region^ the! pig 
3 beta globin region, and the pig epsilon -globiW gene 
as, comprised , respectively, in plasmids; > ^ 
pgem5 / PigjSpr .( K ) (ATCC accession no- . 75371) ••^pp±q3^\ 
20 (ATCC accession no. 75372) , and ipSaf /pige (k) ^(ATCCs r.. 
accession no. 75373), respectively. -v< : . 4 v.*y * - 

J Constructs may desirably be i linearized for 

preparation of transgenic pigs . . 1 Vector sequernce:; may^ 
desirably be removed. .v,.; .'.; .^"..i. . 

25 :; v * - : - " : 

5.2. PREPARATION OF. -TRANSGENIC PIGB ... 

The recombinant Constructs. -described above 

may be used to produce a transgenic pig by any method 

known in the art, including but: not limited.; tp> ; = • 

30 microinjection, embryonic stem.fES) cell- manipulation, 
electroporation, cell gun, transf ection.;.: transduction, 
retroviral infection, etc. Species: of .constructs, may 
be introduced individually or in groups of two or more 
types of construct. 

35 According to a preferred specific embodiment 

of the invention, a transgenic pig. may be produced by 
the methods as set forth in Example • Section 6,- infra . 
Briefly., estrus may be synchronized in sexually mature 



WO 93/25071 



- 21 - 



PCI7US93/05629 



gilts (>7 months pf .age,) . toy .feeding , a*i>ior&lly , active 
progestogen (al.lyl trenbolone : , AT ! ;^^i.5.sn»g/gil*t>/.<aay) for 
12 to. 14 days.. On the last day i. of AT/, feeding;. a 1.1 - 
5 gilts, may be given an intramuscular^dn^eotipn ,(IM).i A of 
prostaglandin F 2a (Lutalyse: 10 mg./injecitiiq:nav.jat ,0800 
and 1600 hours. Twenty-f pur hours . &ft:fer% tjtae- last :day; 
of.. AT consumption all -donor gilts -.may; be ^administered 
a single IM injection of pregnant;, mare ><semm: 

10 gonadotropin (PMSG.:. -1500 IU) . - Human chorionic/ „ 

gonadotropin (HCG>: 750 . ID)*, may be 1 ; . administered:, to all 
donors at 80 hours after PMSG. ^r.J. . n.jv . - 

; . Following AT withdrawal , :. doaotr; and .recipient 

gilts may be checked twice, daily^ f or.; signs of:, estrus.. : 

j5 using a mature .boar. : Do nor sn which; exfadtoi ted: estrus 
within 36 hours following ;HCG: administration may be 
bred at 12. and 24. hours after i theronsfefo,: of oestrus 
using artificial, and natural, (respectively); 
insemination. ",.:.•» : . . i'j.v- -^ib^ect i\\*y 

20 Between 59. and 66 . hoursr.aifter* tlxe - 

administration of MCG: one+ \ and^fcwo-rcellhova; may be 
surgical ly recovered from 1 bred donors using the - 
following procedure- Generalvanesfcfaesiauijnay be. 
induced by administering -D- 5 fmg.i of ac.eproma2ine/kg of 

25 bodyweight and 1 i 3 mg. ke.tam£pe/]kg : . of c body weight via a 
peripheral ear vein- Following*; anesthetization, the 
reproductive tract , may. be* exteriorized following a 
mid-ventral laparotomy; i( A drawn, glasst.: cannula (O.D. 5 
mm, length 8 cm) may be insertedv-intD:; the : ostium of 

30 the oviduct and anchored: to t the^.inf un&ibulum using a 
single silk (2-0) suture. :0var;may. be . flushed in . 
retrograde fashion by .insertingra 20,-g needle into the 
lumen of the oviduct 2 : cm anterior, £0 the uterotubal 
junction.. Sterile Dulbecco • s. .phosphate , buffered 

35 saline (PBS) supplemented with-.O. 4% bovine serum 
albumin (BSA) may be infused . into the oviduct and 
flushed 'toward the glass cannula. The medium may be 
collected into sterile 17 x 100 mim polystyrene tubes. 
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Flushings .may .be. transferred to . 10. x. 60. ram .petri 
dishes and - searched at- lower .power (50 x) using a Wild 
M3 stereomicroscope.- : All: one- and two-cell ova may be 
5 washed twice in Brinster's Modified Ova Culture-3 ■ 
medium (BMOC-3) supplemented, with 1.5% BSA and 
transferred .to. 50, ^1* djrops .pf. BMOC-3 medium under oil. 
Ova may- be stored . a*t 3flflC-.under.ra 90% .N 2 , 5% ,.p 2 , 5% C0 2 
atmosphere = until microAnjjection^ is performed. 

±q One- and. itwp-Tceilr ova may be placed* in a 

.Eppendorf tube . .( 15-: ova. pier. » tube) 5 containing 1 ml- HEPES 
■Medium supplemented.: with , 1.5%. BSA and centrifuged for 
6 minutes at 14000 x g\j.n ordsr tp visualize pronuclei 
•An. one-cell and nuclei In two-cell ova. Ova may then 

X5 be transferred -to 1 a; 5--. .10 Mi drop: of HEPES medium 
under oil on a depression;- slide.. Microinjection may 
he performed Using <a, I^bor.luxi; microscope with 
; Nomarski optics. and: two I^lts. micromanipulators. 10- 
:1700 copies ;of constmct <DNA;,,( linearized at a. 

■20 concentration of about lng/Ml of Tris-EDTA buffer) may 
be injected into: .one^ pronuclei; in one-rcell ova or both 
nuclei in two-;oeir ova.: i . .. ? ■ 

... Microinj.ecfeed, ovaj may , be returned to 
microdrops .of; BMOC- 3. . medium ; undersoil and maintained 

25 at 38°C under, a 90% N 3 >^.5% .GQ? f 5% 0. 2 atmosphere prior 
to their transfer, to. suitable recipients.. , Ova may 
'preferably be transferred,, within 10. hours of recovery. 

Only recipients , which .^exhibit estrus on. the 
same day or 24 hou-rs^ later, than .the. donors may 

30 preferably.: be utilized- for. :; embryo transfer. 

Recipients. : may be anesthetized as described earlier. 
Following exteriorization of -one oviduct, at least 30 
injected one-and/or two-cell. ova and 4-6 control ova 
may be transferred in the following manner. The 

35 tubing from a 21 g x 3/4 butterfly infusion set may be 
connected to a 1 cc syringe. The ova and one to two 
mis of BMOC-3 medium may be aspirated into the tubing. 
The tubing may then beefed, through the ostium of the 
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oviduct until the. tip reaches the lower third) or :: .w . 
isthmus, of * the oviduct. .The ova may ;i be subsequently 
expelled as the tubing: is slow 1-y. withdrawn. iw.-?i- t r : -*\:\ 
S ; , The exposed portion of the reproductive 

tract may be, bathed in a sterile; 10% glycerol-0.9% 
saline -solution and returned to the .body. cayity> ; .Tfce 
connective tissue encompassing the linea lalba^othe fat 
and .the skin may be sutured as three ;separatf T Q ,l^ 

^0 An uninterrupted >Halstead stitch may be. -used ito.r.c^ase 
the lina alba. The fat and skin may. tbe closed -using a 
simple continuous and mattress stitch, .respectively . 
A : -"topical antibacterial agent, (e.g.-. Furazolidone); ^may 
then be administered to .the T incision : area> j o 

ji5 : . Recipients may be penned in groups >pf>;.about 

four and fed 1.8 kg of a; standard .16% crude prpjbei^ 
com^soybean pelleted ration. Beginning on day ,18 
(day 0 = onset of estrus) , all recipients £ .may be ; . 
checked. daily for signs of. estrus. using ;.a ..mature* boar. 

2?o On -day 35, pregnancy detection may be performed using 
ultrasound.* On day 107 -of .gestaition : recipients may be 
transferred to the far-rowing suite. . /In order ; to 
ensure attendance at farrowing time^ farrowing, may be 
induced by the administration of prostaglandin, .F^ (10 

2S mg/injection) at 0800 and 14i00 hours on. day cl 12 v of 
gestation- In all cases, jrecipients<;may be ^expected 
to farrow within 34 hours, following.. PGF2 a ; 
administration. 

Twenty-four hours: after birth allj,piglets 

30 may be processed, i.e. ears notched r -needle teeth - 
clipped, 1 cc of iron dextran administered, ' etc; A 
tail biopsy and blood may also be obtained from each 

pig. : , *- ' 

Pigs produced according to -this method are 
35 described in Example Section 6, infra . ^and are . • 

depicted in Figure 2. Such pigs are healthy; jdq not 
appear to be anemic, and appear to grow at -a rate 
comparable to that of their non-transgenic .. 
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littermates * Sucjh pigs .may, -transmit -the r: transgene to 
their offspring. • , : ■,.. K - 1 ;r ; ,- ifi . 

. Pigs having certain .characteristics may be 
5 especially useful for the production ..of human ... 
hemoglobin; such pigs, examples.! of wtyich follow, : : 
represent preferred, non-limiting, specific 

embodiments of the .inyentipn.*, , ; - ; * > . 

According: to., one. ,pre£erred ^specific 

10 embodiment of the invention , : a transgenic pig contains 
at least . twenty, copies of a . glpbin. transgene, . 

According to a second preferred specific 
embodiment,., the P 50 of . whole blood of .a transgenic pig 
according to the invention is ^inqreaj^ed; by; at least 

15 ten percent over the, P S0 ';Of the, who^e blood ? of a . . 
cpmparable npn-transgeniq, pig, taking -into 
consideration factors such asLialtitpde,: oxygen ... 
concentrations, pregnancy >j .the jpresence -of -mutant 
hemoglobin, etc. .Thus>.-- the; present /invention provides 

2p. a. .non-pregnant transgenic^rpigrithat carries and 

expresses a .human globin: transgene in which the P 5( , of 
whole blood .of the transgenic pig-; -is at least ten 
percent greater than the: p 50 . oft (whole blood of a 
comparable non-pregnant .nort-rtirransgenic pig » ,at the same 

25 altitude. - - - \. • 

In other preferred -i specific embodiments, the 
present invention provides. ,f or: transgenic .pig in 
which the amount of; human -glpfein produced relative to 
total hemoglobin is at least ..twor percent , more 

30 preferably at least five percent, and most preferably 
at least ten percent. 

Section 6, infra. , .describes transgenic pigs 
which serve as working examples of opref erred > non- 
limiting, specific examples of:. the 'invention. 

35 ... j, . . 

5.3. PREPARATION OF HUMAN HEMOGLOBIN AND 
ITS SEPARATION FROM PIG HEMOGLOBIN 
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Thg^pr^ a method 

for producing humdfft^ hfemligibb^^^ introducing 
a transgene or 'trans^nefe-^hcodirig huihan - hemoglobin, 
S such as a human alpha>gl<6fei : n ^£n& a -human beta globin 
gene , under the "control "of ! a ; "Suitabife promoter or 
promoters; into the g^Yfetic material of a pig so as 1 to 
create a transgenic pig J that • expresses human 
hemoglobin in • at r i^ast ? %oiEtf6i of its blood cells . 

20 The present invention also provides for a 

method of producih^ ; h^fnaA' hefabglobin Comprising (i) 
introducing a human alpha 1 1 gl'dbin and a human beta 
giobin gene; under -the 'cofttrol- of a suitable promoter 
or promoters, into the ^erifet'ic material of a pig so as 

A 5 to create '-'a . "teransSgerilc pig - that expresses human 

heimo^flobih : irf-at n lea£t : %'time°af -its* red blood cells; 
Cxi J" : collecting -red blci6a' : ceiis f rdm ?the transgenic 
pig; ( iii) releasing 1 the 1 contents : "of -the • collected red 
blood cells to form' a iydate; (iv) subjecting the 

2a lysate of the ' red bI-6od ! 'cells ta a ' purification ■ 
procedure that substantival ly < separates human 
hemoglobin -from pig hemoglobin; and (v) collecting the 
fractions that cdntaih puirified human hemoglobin. 
Such fractions riiay be ideritified by isoelectric 

25 focusing in ^parallel with ^appropriate standards. In a 
preferred embodiment of r, thfe - invention, human 
hemoglobin may be 1 separated frdm pig hemoglobin by 
DEAE anion exchange column chromatography; 

In order to prepare human hemoglobin from 

30 the transgenic pigs : described -above, red blood cells 
are -obtained from the : pig using ! any method known in 
the art. The red blood cells are then lysed using any 
method, including hemolysis' in a hypotonic solution 
such as distilled water, or using techniques as 

35 described in 1981, Methods in Enzymology Vol. 76, 
and/or tangential flow filtration. 

For purposes of ascertaining whether human 
hemoglobin is being produced. by a particular 
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transgenic; pig, it. .may be useful to. perform a .small- 
scale,;.eleetrophpretic analysis of the hemolysate, such 
as^ ; for. example, , isoelectric focusing using standard 
5 tephnigue?*,. • v ; 

i.j.;.:-.. Alternatively, or for. larger scale, 
purification, .human: hemoglobin may be separated from 
pig hemoglobin using : ipn. exchange .chromatography «> . .. 
giiPprisingly / r^as discussed in Section 7, supra , human 

10 hemoglobin ; was .observed to readily separate from pig 
hemoglobin using ion exchange chromatography whereas 
mouse;. hemgglobin, and human hemoglobin were. not 
separable by t.such methods. Any ion exchange resin 
known, in th§ art: or, to be. developed may be utilized, 

xs including/ -^ut not-, limited to, resins comprising 

diethy laminoethy 1 , Q-§epharose , QGPI (I.B..F. ) Zephyr i 
Sphesodex*; $p£iola, carbpxymethylcellulose, etc. -j 
provided . that ; the resin : results in a separation of 
human and pig. hemoglobin . comparable to that achieved 

20 using,- iPEAE;- resin. 

....^pcording tp a specific, nonlimiting ^ 
embodiment of the invention, in order to separate; ., 
human, . f rpin i pig hemoglobin (including human/pig. 
hemoglpbin : hybrids) to produce substantially pure t;: -, 

j5 human -hempglpbin, a hemolysate of transgenic pig red 
blppd-pellsy prepared. as above may. be applied to. a. 
PPAE -anion exchange column, equilibrated with 0.2 M 
glycine buffer at_Ph =7.8 and washed with 0.2 M glycine 
Ph 7.8/5..Mm,NaCl,. and may then be eluted with a 5-30 

30 Wtm.NaCl .gradient, or. its equivalent (see, for example, 
Section 9 infra ) . Surprisingly, despite about 85 
percent, homology between human and pig globin chains, 
human and pig hemoglobin separates readily upon such 
treatment, with human hemoglobin eluting earlier . than 

35 pig , hemoglobin. Elution may be monitored by optical 
density at 405 nm and/or electrophoresis of aliquots 
taken. from serial fractions. Pig hemoglobin, as well 
as tetrameric. hemoglobin composed of heterodimers 
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formed between :pig. and. human ^globin -chains ^ may be 
separated' from human : hemoglobin by this :.method. Human 
hemoglobin produced in a? transgenic. pig. and separated. 
5 from pig hemoglobin by this method has an oxygen 
binding capability similar* >to that ; of . native human 
hemoglobin. > •,,;.< 

According to another specif ic,. ..non-^limiting, 
embodiment of the invention V human '■ hemoglobin may be 
10 separated from pig hemoglobin^ including human/pig 
hemoglobin hybrids) using QCPI ion- exchange resin as 

fOllOWS-: ;„ . - ■ <-.*. = '...>i 'V ■ 

About 10 mg : of hemoglobin- prepared from 
transgenic pig erythrocytes.imay, be* diluted in. 20ml of 

15 Buffer A (Buffer- Aop; dOmM. Taris; v 20mM -Glycine Ph 7.5). 
This 2 0ml -sample may then.-. be» loaded at = a flow rate of 
about 5ml/min.vonto ^-QCPIn^lumn;M(10uml) which has 
been equilibrated: with Buffer; A., . Thp : column- may then 
be washed with 2: volumes^ "of Buf f err A, c-and then with 20 

20 column, volumes of a O-5 ; 0mM NaOl gradient (10 column 
volumes of Buffer A Hm-i^ columns volumes of 10mM Tris, 
20mM Glycine, 50mM NaGl; Ph 7.-5) or, alteratively, 6 
column volumes of lOniM Triis>.r2.0mM ; Glycine/ 15mM NaCl, 
pH 7.5, and the. O.D.^ absorbing imaterialumay be 

25 collected in fractions! r*bo .yield' the separated 

hemoglobin; human hemoglobin ^being identified, for 
exampley by isoelectric^ focusing, using, appropriate 
standards. The QCPIl .column^ may be cleaned by elution 
with 2 column volumes of. 10mM! Tris, 20mM Glycine, 1M 

30 NaCl, pH 7.5. 

For certain : mutant. fhemoglobins, it may be 
desirable to utilise a modified purification 
procedure. Accordingly.,* for the separation of Hb 
35 Presbyterian from pig Eh 9 , a procedure as described in 
Example Section 12.1,. infra , may be used, and for 
separation of Hb- Yoshizuka, a procedure as described 
in Example ..Section 12.. 2 > infra . may be used. 
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^-5.4, . ^ PREPARATION ^OF .HUMAN /PIG HYBRID HEMOGLOBIN 
: 5ftie. ; pr;^sent invention also provides for 
essentially purified and. isolated human/pig hybrid 
5 hemoglobin, in -particular human.. a/pig £. hybrid 
hemoglobin.; .Pig .a/huma;n, jftchybrid has not been . 
observed to f orro-either^jji ^vitro in reassociation , 
experiments or In vivo .in., transgenic pigs. 

:)The present ;: invention provides for hybrid 
ao ihemoglobin. and its.-.04se.;as ,a blood substitute, and for 
a pharmaceutical /composition comprising the 
essentially purified and isolated human/pig hemoglobin 
hybrid in -a ^suitabls. pharmacological carrier* m 

rHybriid JiemogJLobin may be prepared from . ■ 
15 ti^ansgenip. pigs;;;;^s : ; idescribed herein, and then 

•purified -by. ;chrpma;tog;£iaphy . immunoprecipitat ion , or . . 
.any other method kBpwij^to the skilled artisan. The 
use of visoelectxijC. jfocusing to separate t out hemoglobin 
.hybrid is shown .rin gijgure.s . 3 ..and 5. 

> rAlterinatijvely^ chy^rid hemoglobin may be. m 
■prepared usirig^ nucleic acid constructs that comprise 
:both. !buman . and. pig globi.n sequences which may then be 
expressed an .arty -suitable microorganism, cell, or 
•transgenic -.animal... ;For example, a nucleic acid 
25 construct ;that.;comprises the human q and pig j3 globin 
genes ...under ; the . control of -.a . suitable promoter, may be 
expressed to result. in::hybrid hemoglobin. As a 
specific example, human ja globin and pig )3 globin 
genes, under the ( control r of cytomegalovirus promoter, 
30 may be transfected into a mammalian cell such as a COS 
cell, and. hybrid hemoglobin may be harvested from such 
.cells. Alternatively, such constructs may be 
expressed in yeast or bacteria. 

It. may be desirable to modify the hemoglobin 
35 . hybrid seas to render it non-iramunogenic, for 

example, by linkage with polyethylene glycol or by 
encapsulating the hemoglobin in a membrane, e.g. in a 
liposome. 



6. EXAMPLE: GENERATION OF TRANSGENIC PIGS 

THAT PRODUCE HUMAN HEMOGLOBIN 

6.1. MATERIALS AND METHODS 

£ : ;b/VY. v NUCLEIC ACID CONSTRUCTS ' 

Constructs il6 (the aaj3 construct) , 185 (the 

ap/3 construct), 263 (the apS construct) 339, 293 and 

294 were microin jected into pig ova as set forth below 

in "order to produce transgenic pigs. 

Tcvc;.. ■ Ow. Co j . • • 

6 . 1 .V/ ' " PRODUCTION OF TRANSGENIC PIGS 
Estrus was synchronized in sexually mature 
gilt:s '(£7 mbriths df aige)- by feeding an orally active 
progestogen '(ally!' treribolone, AT: 15mg/gilt/day) for 
12 t<5 : "X4 --'days-. : c "Oh ; the last day of AT feeding all 
gilts deceived ^a"n ! intramuscular injection (IM) of 
prostaglandin ■ F^^/Lutalyse:: . 10 mg/injectioh) at 0800 
and ^600^.: .{Tv/enty-four hours after the last day of AT 
consumption all donor gilts received a single IM 
injection of pregnant mare serum gonadotropin (PMSG: 
1.500*1^ gonadotropin (iieGi 750 ;IU) 

was administered to all donors at 80 hours after PMSG . 

Following AT withdrawal, donor and recipient 
gilts were checked twice daily for signs of estrus 
using a mature boar. Donors which exhibited estrus 
within 3 6 hours following HCG administration were bred 
at 12 and 24 hours after the onset of estrus using 
artificial and natural (respectively) insemination. 

Between 59 and 66 hours after the 
administration of HCG, one- and two-cell ova were 
surgically recovered from bred donors using the 
following procedure. General anesthesia was induced 
by administering 0.5 mg of acepromazine/kg of 
bodyweight and 1.3 mg ketamine/kg of bodyweight via a 
peripheral ear vein. Following anesthetization, the 
reproductive tract was exteriorized following a mid- 
ventral laparotomy. A drawn glass cannula (O.D. 5 mm, 
length 8 cm) was inserted into the ostium of the 
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oviduct and anchored to . the:- inf undibulum using a 
single silk (2-0) suture. Ova. were flushed in 
retrograde fashion by inserting a 20 g needle into the 
'5 .lumen . of- the oviduct 2 cm anterior -to the uterotubal. » , 
^junction. Sterile Dulbecco's phosphate buffered! i; 
: ; sa : line ..(PBS) supplemented^with 0,4%' bovine serum; j. 
^albumin (BSA) was infused into the oviduct and flushed- 
itoward the glass cannula. The medium was collected ;i 
jho ! |into sterile -17 x 100 mm polystyrene tubes. Flushings! 
were transferred to 10 x 60 mm petri dishes and " ! ■;« 
^searched at lower power (50' x)r using a* foild~M3" - j '* - :: .-r 
!.stereomicr.oscope. All one- and twQ-cell.pya wer^_. 
washed twice in Brinster's Modified Ova -Cul tiir e-= 3 ^ ■ ; } 
^5 "medium (BMOC-3) supplemented with 1. 5%, BSA. and :' i j j, 
-transferred to 50 /xl drops of _BMOC-3 medium under oil.;; 
! ;Ova wdre stored at 38°C under a 90% N,, 5% 0 2r 5% !C0 2 ., : 
^atmosphere until microinjection was' performed. . j !; 

One- and two-cell ova weire placed "in ar) '" |; 
120 .Eppeiidorf tube (15 ova per tube) containing i mi jHEPESi; 
"Medium -supplemented with 1.5% BSA and centrifuged for-;! 
.6 .minutes. , at 1.4Q00 x g in order to, xi^ u ^^^4T :: fi^5?A^4@i': 
in one-cell and nuclei in two-cell ova. Ova were then 
transferred to a 5 -10 /zl drop of HEPES medium under 
',25 oil on a depression slide. Microinjection was 

performed using a Laborlux microscope with Nomarski 
optics and two Leitz micromanipulators. 10-1700 
copies of construct DNA (lng//xl of Tris-EDTA buffer) 
were injected into one pronuclei in one-cell ova or 
-30 both nuclei in two-cell ova. 

Microinjected ova were returned to 
microdrops of BMOC-3 medium under oil and maintained 
at 38 °C under a 90% N 2 , 5% C0 2 , 5% 0 2 atmosphere prior 
to their transfer to suitable recipients. Ova were 
35 transferred within 10 hours of recovery. 

Only recipients which exhibited estrus on 
the same day or 24 hours later than the donors were 
utilized for embryo transfer. Recipients were 
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anesthetized as described earlier. Following 
exteriorization of one oviduct, at least 30 injected 
one- and/or two-cell ova and 4-6 control ova were 
5 transferred in.-. .the follow ing. manner. . The tubing from 
a 21 g x 3/4 \ butterfly ■ infusion set was connected to a 
1 cq syringe 4 ,.The H pya and pne to two mis of BMOC-3 
medium were aspirated into .the tubing. The tubing was 
then fed" through the ostium of the oviduct until : the 
m ,tip reached 4:he lower third or isthmus of the oviduct'/ 
The ova were ; subsequently expelled as the tubing was 

.slowly withdrawn.;. :' ! '' : % ■■- 

" . ..The .ex^p^ecl. .portion of the reproductive 
tract ; was: bathed -in a sterile 10% glycerol-0.9% $alxne 
fi : 5 solution rand . returned to the body cavity. The 

i 1 connective t jssue c .encompassing the linea alba, the .fat 
.and the skin j were ^.sututed as three separate layers. 
An liniriterria^ted Halstead stitch was used to close the 

• j r: t "> o J . > ; 

lina alba: the fat and skin were closed using a ~ I 

v2© "simple contiguous -and mattress stitch, respectively. : 
j A topicai-vantibact^rial agent (Furazolidone) was then • 
Vr 9dmihister^d to,„i4^ incision>rea. . 

Recipients were penned in groups of four and 
fed 1.8 kg of a standard 16% crude protein corn- 

25 soybean pelleted ration. Beginning on day 18 (day 0 - 
onset of estrus) , all recipients were checked daily 
for signs of estrus using a mature boar. On day 35, 
pregnancy detection was performed using ultrasound. 
On day 107 of gestation recipients were transferred to 

30 the farrowing suite. In order to ensure attendance at 
farrowing time, farrowing was induced by the 
administration of prostaglandin F 2a (10 mg/ injection) 
at 0800 and 1400 hours on day 112 of gestation. In 
all cases, recipients farrowed within 34 hours 

35 following PGF2a administration. 

Twenty-four hours after birth, all piglets 
were processed, i.e. ears were notched, needle teeth 
clipped, 1 cc of iron dextran was administered, etc. 
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A tail biopsy and blood were also obtained from each 

pig. !V • :/ ' ' : 

3 " : - l eV2 ; . RESULTS AND DISCUSSION 

^ :j ' ! - ;;: Of 3566 injected "ova, thirteen transgenic 
^igs that expressed human hemoglobin were born, two of 
whicihf died shortly after birth due to normal breeding- 
related' incidents 'completely unrelated to the fact 
i0 that they were' transgenic pigs (Table I); The 

rem^lriih^ r il appeared to be healthy. A photograph of 
drie transgenic pi? is presented in Figure 2. Profiles 
^6f" the 1 pigs' and of the percent "authentic" arid* 
"Hybrid"' human hemoglobin ("HB") pro'duced are set 
.,^5 f ctftK in Table ii, "infra . Total hemoglobin Was 

J daldula } ted as the sum of human a/3 plus one-half df-the 
'HUrtMtf^d'pig )3 tiybrid/ : Figure 3 presents the results 
of ?l: i : sdeiebtri<S "focussing and triton acid urea gels : of 
? Hem6^ ! ldbih produced l hy three of these pigs (nuittbers 
; 12^1, ' 9^3/ and 1 6-3) which demonstrate the expression 
of human alpha and beta globin in these animals . 
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TABLE I 

.--Efficiency of Transgenic Pig Production 
- Human Hemoglobin Gene Construct (s) ;t : 



10 



15 



Parameter 


Total After 
22 : Trials ; 


Total OvaH Collected 


8276 i I ! : 


Totai # Fertilized : ' 


■ 7156 i f- ■ ;•■-■!-■• 


Total # Injected 


356)5 ; 


# Injected Ova .Transferred 


. 3566 ' '"' 


# Control Ova Transferred 


279 


# Recipients Used 


104- : j : 

t J ' 


# Pigs Born (Male, Female) 


208,332 


# Transgenic (Male, Female) 


8,5 (0.34)* ! 


# Expressing 


• ; .13 .; J , 0 ! ,j\ ,jj 


.. : . i- • ■ 1 4 ! .... 



20 '-a proportion of injected ova which developed into 
transgenic pigs (13 transgenics/3566 injected ova) 
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FOUNDERS 



10 



PIG 


GENDER 


TRANSGENE 
CONSTRUCT 


AUTHENTIC : 
HUMAN HB 


HYBRID 

HB : 


TOTAL 
: HUMAN 
: HB • 


LUri 

# 


6-3 


F 


116 


. ■ :6.2% 1 


8.1% 


10.3% 


57 


9-3 


F 


116 


i.6% f 


33. =1% 


16.6% 


1 


22-2 


M 


185 


■ ' <i% • ; 


' 5.0% 


. 5.0% 


55 


33-7 


F 


185 


*died shortly after birth 


0.5 


38-1 


F 


185 


1.0% • 


8.3% 


: 5.2% 


17 


38-3 


M : 


.185 


4.7% 


17.2% 


; 13.2% 


22 


38-4 


M 


185 


, i3.2% ; 


! 7.0% 


6.7% 


5 


47-3 


M 


263 


<1% 


: 2.9% 


2.0% 


4-6 


47-4 


F 


263 


• <i%' ; : 




10.0% 


i-2 


52-3 


m" 


263 


•'" <i%' . •.. : 


^: 7.6% 


4.0% 




55-7 


M 


263 


<i% ' 


^6.4% 


! 13.0% 




53-11 


M ' 


263 


; <1% ; : 


15.5% 


8.0% 




70-3 


F 


339 


23 


31 


38 


3 



j 1 



; 1 t 

25 ' 



35 
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; <\. Table III presents the profiles of offspring 
bf /pig number 9-3 , which shows that the Fl generation 
of i transgenic; pigs, are capable of expressing ; 



10 



15 



20 



25 



hemoglobin. Of note> none of the offspring of pig : 
nUtobet 6-3 'were found to be transgenic, possibly due 
to thj£ absence of transgene in the animal's 
reproductive tissue. i: 
\ £ ! ; Table IV presents hemoglobin expression data 
ofp ;of f spiring of pig 38-4. carrying the "185" construct 

■ * .' ' ' ' ' ■• 

(the-^apjS" construct; see Figure IB). Table V . . 
pffeiseiits^a 'summary of the profiles of of f spring of . pig 
number 3p-4i in which a large percentage (37.1%) of\ 
Offspring were positive for expression of human : 
hemoglobin f indicating germ line transmission of the 
ti&jnsjgene* /Figure .19 presents the results of. : 
isoelectric focussing which demonstrates the levels of 
^^ogiob|.n 'expression: in representative transgerie i 
positive' 38;-4 i offspring. 

■ ¥\ ; i ; : • ' I : 

• - ! fl ;;: -:; - ' : :.- 
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The birth : weights- iof .^the. transgenic pigs 
have been approximately equivalent; jto the :birth 
weights of their non-?transgenic. littermates.- . As the 
5 transgenic pigs matured, --theirjiweightS; remained 
comparable to the weights' pf control, anima Is. .. 

7. EXAMPLE : SEPARATION OF H.yMAN HEMOGLOBIN 

FROM PIG HEMOGLOBIN BY ; DEAF 'CHROMATOGRAPHY 



IS 



20 



25 



30 



7.1. " MATERIALS ; '' Tiftb METHODS ' 
10 ' 7.1.1. PURIFICATION BY D>EAfe' ^ bHROMATOGRAPHY ' i 

For purification,' 'red* "blood cells were 
collected by ckritriifuCfatiorV ot ' 5t)dd rpm for 3 minutes 
in an ejbpendorf microcentrifuge "and" washed 'three times 
with an eqiial Vblume" (original' ^b^) r t>f 0 -9% NaCl. 
Red cells were lysed with iV l; 5 Vofiim'efe" 'deion'i2ed H 2 0, 
centrifiiged at 15 ,000 rpm/ and' 'tilfe" 'siiperhatarit Was 
fractionated by "anion ' exchange' dhrowatdgrap^y^ DEAE 
cellulose chromatbgrapKy (b^-SE : manuf actureci by 
f^atsi'an, Ltd.)" was performed acbbtdincj' to W. A. 
Schroeder* and T. H. J. Huisman "The Chromatography of 
Hemoglobin", Dekker, New York, pp. 74-77. The 0.25 ml 
red cell hemolysate descripjed', above^ was . applied to 1 
cm x 7 cm DE-52.: col.umh 0.2 M 

glycine Ph 7.8 and .-washed- with: : 51 column volumes of 
0.2 M glycine Ph 7.8/5;iMni .NaGl. * .Hemoglobins were 
eluted with . a 200 ml 5*30 vmM NaCl/0.2 M glycine pH 7.8 
gradient. To complete :elution of pig hemoglobin, an 
additional 50 to iOO ml of 3Q -.raM CaCl/glycine pH 7.8 
was added to the. column;;- Elution. of; 'hemoglobin was 
monitored by absorbance of. '..4 15 <mM and by IEF analysis 
of column fractions. 

7.1.2. REASSOCIATION OF GLOBIN CHAINS 
Reassociation of globin chains was performed 

35 

essentially as described- in Methods^ in Enzymol. 
76:126-133. 25 lambda of pig blood, 25 lambda of 
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human .blood* or: ; a 2,5 ^anibda : mixture of 12.5 lambda 
human bloQci (f aridj 12v5 ; laijbda pig. ,blood were treated, as 
follows* c .The..blppd! was,j>^^leted ,at a setting of 5 on 
microfuge : for : 2 ^minutes, 0 then... washed, three .times with 
5 100 lambda ; -0. 9 : percent ;./NaCl , -Tjhe cells-: were lysed 
with ; ,50 lambda fl 2 Cj, -^he^ : -spuri high speed to. conf irm 
lys^s. 50 :: lambda..of xthe^lysed, cells was. then, combined 
with 50 lamb(J^ c; 0 r .2 ■ (la - Aeet.ate , - pH 4v5, put on. ice 
and. thetfi incubated. iin ti a , : cold room overnight. After 

10 adding 1 . 9 ml, CU1 ; : M ^aH 2 P0 4 4 j y pH, 7 . 4 each sample was 
spun. inv.P?ntr icon. ^ u t?^s M :4°C and :: 5K 7>vintil . about 0.5 
ml remained *. Thenn.l.mJ pf .,Q.l.M NaH 2 P0 4 pH 7.4 ; was.. 
added amd: spun thsqugh" at -about 5,K until about 0.2 ml 
yolume,,%a£i jLe£t?-. or- : £hey hemoglobin was.. then washed from 

15 the, walls -of the >pentrieon ;tube, ;an L .eppendorf adaptor 
>5?as attached, hand -sa.otafcil^r top t microf uge. was used, to 
irempye eacho.sampjenf rani'- its -centricon tube. The 
samples were then i^na^LyZied^by isoelectrics focusing 

20 fio 7.2. RESULTS AND DISCUSSION 

7.2.14,; . HUMAN; AND .PIG HEMOGLOBIN WERE SEPARATED 
. FROM A HEM0LYZED MIXTURE OF HUMAN AND 

*- f -' — 1 P jf 6 • BLOQb ~ : 

- ' li £ijual ! ^topdrtions' bf human and of pig blood 

Were mixed ; and' 'lyked 1 / ' and the resulting hemolysate was 
25.- - ■ .. -....,* 

6ubj ! ec€£'d' : tb°b^E~ l chr6^ as described sugta. 

As showh' in ? Figuir£ 4A; pig' hemo^lbbin separated 

virtually completely from human hemoglobin. This 

complete Reparation Is surprising in light of the 

structural ' similarity' Between human and pig 

30 

hemoglobin; ' pig and human alpha globin chains are 84.4 
percent homologous and : pig 'and human beta glbbin 
chains are 84.9 percent homologous. It is further 
surprising ' because, as shown in Figure 4C, when human 
and mouse blood' was 1 mixed, hemolyzed, applied to and 
eluted from a DEAE column according to methods set 
forth in Section 7. ii'll , supra , human and mouse 



WO 93/25071 



- 42 - 



PCT/US93/05629 



hemoglobinj:vtere . not. ;observed to separate despite the 
fact that igouse and human alpha globin chains are 
about 8.5 .9 percent homologous and mouse and human beta 
.globin, chains are 80.1. percent homologous. The ease of 
5 .separation of human and pig hemoglobin on DEAE resin 
appears tp : be both efficient and economical. 

Interestingly, the order of elution of the 
p^ot.ein^ ,f rom the anion exchange column was npt as 
.expected % , t Based on the relative pi's of the proteins 
•10 .as deduced from the IEF gels, the predicted order of 
^elvjtio.n would.be first the hybrid (human a/pig 
...follow^ j; b^ ; the authentic human a/human. . j3. . The last 
p.rpteijn 0 tp e.lute. from the anion exchange column then 
.wou}d l?e, the. endogenous pig a/pig j3 protein. However, 
•15 .unde^ al\ the conditions currently attempted the order 
, of elutiqn , was altered such that the human hemoglobin 
was the. first to elute. The second peak was an 
.enriched fraction of the hybrid followed very closely 
n by the pig ^hemoglobin . 

20 

..... 7.2.2. .. HUMAN AND PIG HEMOGLOBIN AND HUMAN/PIG 
!1 ' ' 'HETEROLOGOUS HEMOGLOBIN WERE SEPARATED 
i- ,; " >; . FROM -HEMOLYSATE PREPARED FROM • A:-. 

TRANSGENIC PIG 

( - (j Blood from transgenic pig 6-3 (as described 

r.25 :t in f . Section 6, supra ) was lysed by hypotonic, swelling 

and the. resulting, hemolysate was subjected to DEAE 

chromatography as described supra . As shown in Figure 

4B, .human hemoglobin was separated from pig hemoglobin 

.and from human a globin/pig beta globin heterologous 

: 30 hemoglobin. As shown in Figure 4D, human hemoglobin 

was substantially purified by this method. 



35 



7.2.3. PIG ALPHA GLOBIN/ HUMAN BETA GLOBIN 
HETEROLOGOUS HEMOGLOBIN DOES NOT 

. , i . APPEAR TO FORM BASED ON REASSOCIATION 
DATA 
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:: Het.ero^pgpjas.' 1 as ^pqiationw .between pig alpha 
globin and human beta cjlobin chains has not been 
detected in hernolysates obtained from human 
hemoglobin-expressing transgenic pigs. It was 
-5 possible, however, that this observation could be 
explained by relatively low levels of human beta 
globin expression. Alternatively, association between 
pig alpha grlobin and human beta globin may be 
chemically unfavorable. In order to explore this 

10 possibility, reassociation experiments were performed 
in which pig and human hemoglobin were mixed, 
dissociated, and then the globin chains were allowed 
to reassociate. As shown in the isoelectric focusing 
gels depicted in Figure 5,. although pig a/pig j3, human 

15 a/human 0,. and human a/pig jS association was observed, 
no ^association between .J>ig ct globin and human /J globin 
appeared to have occurred. Therefore the pig a/human 
j8 heterologous hemoglobin should not be expected to 
complicate the purification of human hemoglobin from 

20 transgenic pigs. 



8., EXAMPLE: SEPARATION OF HUMAN 
' HEMOGLOBIN' ^ROM PtG HEMOGLOBIN 
BY, QCPI CHROMATOGRAPHY 



25 



30 



35 



8.1. - MATERIALS- AND METHODS . . 
. :• Clarified; ±iemo.lysat^; ; from, ttransgenic pig 6-3 
13mg/ml; Buffer Ar.-lOmMi Tris, 20mM glycine pH 7.5; 
Buffer B: lOmM Tris-* 20inM Glycine,. 15 ,mM NaCl pH. 7.5; 
Buffer C: lOmM Tris> ,20mM jGlycine, : 1M NaCl ,pH ,7.5; 
Buffer D: lOmM Tris, 20mM Glycine, 50 mM NaCl pH 7.5; 
QCPI column 10ml Equilibrated in Buffer A; Trio 
purification system... IQmg of . hemoglobin prepared from 
transgenic pig 6-3 was diluted in 20ml Buffer A. 20ml 
of sample was loaded at. a flow rate of 5ml/min onto 
the QCPI column, and washed with 2 column volumes of 
Buffer A. The column was then -washed with 20 column 
volumes of a 0-50mM NaCl gradient. (10 column volumes 
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Buffer >IG '<5©l*irtin f Volumes of Buffer D) and the 
O.-D^o absorbing ■ itfateriaT vas collected. The column 
was th^h cleaned : ^ith u 2 column volumes of Buffer C,- 
ahd then r^-equilibrated-vith 2 column volumes of 
5 Bdffer-Ai^^ ^ - ■ • * ■ 

• jvi'. 8.2V RESULTS ..<;•••. 

H •*-"!• 41 .^Arialysi's 1 'of the UV '-'trace (peak vs. - volume of 
gradient) •*CFi^'j ; -6) • revealed that the human hemoglobin 

10 was eluted ; at 1$ "mM^NaCI-. Subsequent purifications 
have beert^perf burned 'utilizing'the same protocol as 
above, only ii casing -'6 column volumes of Buffer B (15mM 
NaCl) - : to - elu^e 1 the ri human hemoglobin rather than the 
gradient*. Ih !C *addatidn; non^trahsgenic pig 

IS 6hroma1k>Gfraphed by this method does not elute from the 
QCPI with Buffer B, while native human hemoglobin 
does. The protein that eluted at 15mM NaCl was 
analyzed on the Resolve isoelectric focussing system 
and found to be essentially pure of contaminating pig 

20 hemoglobin or hybrid hemoglobin. 

9. EXAMPLE: HUMAN ALPHA/PIG BETA GLOBIN 
HYBRID HEMOGLOBIN EXHIBIT INCREASED P< „ 

As shown in Tables II and III, supra . 

2s transgenic pigs of the invention were all found to 
produce significant amounts of human a/pig /J globin 
hybrid hemoglobin (the pig a/human /? hybrid was not 
observed). Significantly, pigs that expressed higher 
percentages of hybrid also appeared to exhibit 

3fl elevated P 50 values for their whole blood (Figure 7) . 



10. EXAMPLE: ENHANCED EXPRESSION USING PIG 
BETA GLOBIN REGULATORY SEQUENCES 

The 339 construct (Figures 1R and 12) 

containing the pig adult beta globin gene promoter 

region (Figure 8) , was used to prepare transgenic pigs 
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according to the method set forth in Section 6-1-2. 
supra . Figure 15 depicts an isoelectric,, focusing gel 
analysis of hemoglobin produced by pig 70-3; equal 
amounts of hemoglobin from transgenic pig 6-3, 
5 carrying the 116 construct (Figure 1A) and human 

hemoglobin are^run in adjacent lanes for comparison. 
As indicated by; the brighter bands observed in the 
lane containing pig 70-3 hemoglobin at positions 
corresji&nging to human and hybrid hemoglobins 

10 (relat^eh.to the lane containing pig 6-3:; hemoglobin) , 
the amcmrifc of human hemoglobin produced by pig 70-3 is 
greatej^tftan the amount produced by pig 6-3, It has 
been Cc^cSilated that 38 percent of the total 
hemoglc&in produced by pig 70-3 is human hemoglobin, 

15 whereat i& percent of total hemoglobin produced by pig 

Q C 

6-3~is muffijan hemoglobin (see Table II and Section 6.2. 

1L - 

supra , >£a£ data arrd calculations). This suggests that 
the^i^bjgta globin promoter region is- more efficient 
tha^ the Jiuman beta globin promoter in transgenic 
20 pigs. 

£ A In a separate series of experiments, two 
more transgenic pigs, expressing human hemoglobin, 
were otfcajined using construct "339" (pigs 80-4 and 81- 
3) (Fiq.l^). Human hemoglobin levels in these 
25 transgenic pigs wais determined by running isoelectric 

U. .... • 

focussing; gels and densitometric scanning of the 
individual bands (FIG. 18). As indicated in Figure 
17, both pig 70-3 and pig 80-4 expressed high levels 
of authentic human hemoglobin. To obtain the copy 
30 number of transgenes, genomic DNA (isolated from the 
tail) was digested with EcoR I and a Southern Blot was 
performed. The probe used was a 4 27 bp Ncol/Bam HI 
fragment of human beta globin gene containing the 
first exon, first intron and part of the second exon. 

35 

11. EXAMPLE: MOLECULAR MODELING OF PIG 
HEMOGLOBIN AND THE a, 0, INTERFACE OF 
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A HYBRID BETWEEN PIG B AND HUMAN or GLOBIN 

It has been found" that the amount, of hy£r;Ld 
human a/pig (3 hemoglobin often, exceeds the, amount of 
human hemoglobin. The molecular basis, of this )( . 

observation . has been investigated; using, molecular > i( t - { . 
n\pdeling and molecular biology .. The model, structure 
of the hybrid molecule is based on the known. . 
structures of human hemoglobins and the structural. .... 
homology between the human and pig .structures (A.M. 
Lesk,, 1991, Protein Architecture:, A, Practical. ^ . 
Approach, Oxford University Press, N.Y. ) ... The. pig. jand 
hybrid hemoglobin structures were modeled using the 
following four steps: (1) hydrogen atpms jyere acidied 
to the X-ray model and their positions modified using 
energy minimization; (2) amino acid residue 
replacements were introduced, to. jnodel, the, £^rget pig 

and hybrid structures (no chain alignment was 

necessary) ; (3) the side chain positions i of ' these < ; 11 
modified residues were energy minimized; and *[4) tj the ' <: 
result was visually examined and' found: ft o be* sound. ; 
The modeled structures are shown in* Figure^O;' : * 1 

Detailed examination of all the relevant '<;; 
contacts indicated striking differences at several 
residues. For example, at positionl;/Sll2 the . human 
hemoglobin has a cysteine residue but the hybrid has a 
valine residue. The valine is in apparent closer 
contact (arrow in FIG. 20) with the opposing- subunit, 
and thus may be more effective in. stabilizing : the. a, 0, 
interface (FIG. 21) . 

The effect of amino acid substitutions at 
the.a, )3, interface on *the hydrophobic and polar- 
interactions as predicted by HINT are shown in TABLE 
VI. HINT is software from Virginia • Commonwealth 
University Licensed from Medical College of Virginia, 
Richmond, Virginia that can analyze the positive and - 
negative scores as determined by attractive' and 
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repulsive interactions known from experimental 
physical chemistry measurements, TABLE V.I represents 
the diff er Indies l lfetWWeft* : 'the 'unmodified dimer and the 
one with the specified replacement. TABLE VII has the 
5 same' fo^iiat^as 'TAiLE Vi with the following two 

exceptions:' (if °as' : eadh replacement is added/ the 
previous ohe(s) aire kept/ and (2) the reported 
difference isf a 1 comparison betveen the current dimer 
and the one reflected in the preceding row. As the 

10 siibseqiieri€ial changes' 'aire made, the predicted 

attractive forces it the interface increase. If each 
column is siimmefd up the total difference between the 
unmodified dimer and the one with seven changes is 
dbtairiedV ' The : sums are +134 0 for hydrophobic and +660 

IS.- t o^'pbllar. ' ' 
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TABLE VI 

Efffect of amino acid replacements at the crl/31 
interface 



25 



i .pha in 


KesiaUc; 


TJ V% 1 ^ ^% YM W% 

Kep-Laceiuenu 


Predicted Difference 


Hydrophobic 


Pola# , i.v- 


"a 


- ■ ; on 
J U 


r* tO X 


+250 


+10 




36 


. F to Y 




. . +220- .. 


- - ; r Of ' 


106 


L to F 


+20 


+10 


a 


107 


V to S 


-10 


+120 




. 1.07 


v to.c 


• : 0 ■ 


. +15Q 


a 

-u-U-^ 


111 


A to C 


+30 


+100 

■■ i- . 




33 


, y to l 


+70 


-.9, 




112 

U. -L. £t 


W \~\J V 


+330 


-60 




112 


C to I 


+360 


""-50 




115 


A to V 


+8.0 






; 115 


A to L 


+90 


+ib 1J 




119 


G to H 


+250 


. +120 


.... ^ 


125 


P to M 


+-80 






128 


A to I 


+80 


6 


,J3 . 


131 


Q to E 


+120 


. +110 



30 



35 



WO 93/25071 



PCT/US93/05629 



- 49 - 



<0 £ 
C 

<u 
E 

CD 

o 

J2 
a 

CD 





<D 




O 




C 




• - 0) 
h- 




07 


CO 




c 


O 


o 


"O 




Q) 


o 

CO 


4-" 

o 


i_ 


=6 


0) 


0) 


nt 


h_ 

CL 



-a 

"a 
ca 



o 
a 

"D 

CO 



o 



o 

5 If 



c 
o 



(0 

>• c 

15 a 

c ° 

c ca 

o *tz 

o .£ 



o 

UJ 



O O "O 

M y- 

' + + 



o 

CO 



O 

CM 
+ 



O 



+ CO 
+ 



o 
!5 
o 

□ 
o 

> 



o o 

CD O 

CO CM 

+ + 



o o o o 
lo co oo 

- ; v + 



o 

CO 
CM 

+ 



o 
in 



a> 
E 

© 
O 

o 



x „ ..^....^J..,. P^^J 

*- • P - 2 " O ' i -O - tier : : " O. •■ * r O"- ' - v ' 
— +j , — 

(J< <0 "->ujO 



03 



cm 



to o> 



CO 



^ j~- - co 



CO O 
CO CO' 



CO . 



^ . 



(0 



in 



m 



o 

CM 



in 
cm 



WO 93/25071 JOy>US93/05629 

- 50 - 



12. EXAMPLE: EXPRESSION OF GENETICALLY 

MODIFIED HEMOGLOBINS IN TRANSGENIC ANIMALS 

Of the known human hemoglobin variants, 

5 about two dozen exhibit a lower oxygen affinity, which 

could he .advantageous in clinical applications. While 

many of these mutants result in unstable hemoglobin 

molecules, several variants have desirable biochemical 

properties and can be used for the generation of blood 

^0 substitutes. using recombinant 1 DNA technology. 

Transgenic pigs expressing 'two of 'these variants, Hb 
Presbyterian (108 Asn^Lys/ £ig. 1G) and Hb Yoshizuka 
(108 Asn->Asp, Fig. IF) have been produced and 
purification and characterization of the expressed 

15 human globins is described below. 

12.1. PURIFICATION AND CHARACTERIZATION 

OF Hb PRESBYTERIAN 
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The amino acid substitution generated in Hb 
Presbyterian (#108 Asn-*Lys) results in the comigration 
of Hb Presbyterian with the hybrid (hap£) hemoglobin 
on isoelectric focussing gels. Based on previous 
results with the purification of human hemoglobin from 
hybrid and porcine hemoglobins and the more positive 
nature of the Hb Presbyterian it should be easier to 
purify this variant hemoglobin on an anion exchange 
resin. Approximately 500 ml of blood was obtained 
from the transgenic pig 57-10. The blood was washed 
several times with isotonic saline and then lysed by 
hypotonic swelling in water. The cell membranes were 
removed by centrif ugation at 10000 xg to yield a final 
hemoglobin concentration of about 100 mg/ml. Hb 
Presbyterian was purified from the hybrid and porcine 
hemoglobins as follows: 1-2.5 g of hemolysate was 
loaded onto an XK 50/30 column packed with 450 ml of 
Biorad Macroprep High Q resin equilibrated with 10 mM 
Tris-Cl and 20 mM Glycine at pH 8.1 (Buffer A). The 
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jproteins were eluted at a flow rate of 10 ml/rain with 
a linear salt gradient of 9-16% Buffer B (Buffer A 
containing 250 mM NaCI) over 3000 ml. 

i . : u The. initial peak was thought to be Hb 
5 P^eg^t^ri^n followed by the co-elution of the hybrid 
krid ,: porcinfe ? hemoglobins (FIG. 20). To confirm the 
identity of the first peak as Hb Presbyterian and not 
the hybrid hemoglobin, a sample of the protein was run 
on Reversed Phase HPLC (FIG. 21) . The initial peak 

10 from the ahaon exchange column was Hb Presbyterian 
with thje or-chains eluting at the same time as normal 
human a-chains and the j3-chains eluting slightly 
faster than normal human j3-chains. This was also 
found to be an excellent way of determining if porcine 

15 hemoglobin was contaminating the column fractions. 

Using this purification procedure and the analysis on 
HPLC the recombinant Hb Presbyterian derived from the 
transgenic pig 58-10 was judged to be greater than 95% 
pure. 

20 Purified Hb Presbyterian was dialyzed 

against 50 mM HEPES and 100 mM NaCI at pH 7.4 and 
oxygen equilibrium curves determined using a Hemox 
Analyzer (TCS Products, Southampton, PA). The Hemox 
Analyzer was modified to allow analog to digital data 

25 conversion for ease of oxygen binding calculations. 

Under these conditions the Hb Presbyterian had a P 50 of 
25.8 mmHg (Hill Coefficient n=2.3) versus 13.3 mm Hg 
(n=2.9) for Hb A indicating that the Hb Presbyterian 
bound oxygen with lower affinity than native Hb. 

30 Preliminary results to determine the Bohr Effect 

(Influence of pH on the oxygen affinity) indicated a 
normal Bohr effect for Hb Presbyterian (FIG. 22). 
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12.2. PURIFICATION AND CHARACTERIZATION 
OF Hb YOSHIZUKA 

Blood samples taken fronT the -transgenic pigs 
expressing Hb Yoshizuka (68-3 arid 68-Z) were treated 
5 essentially the same as described above. ,r -:The final 
concentration of the' ; hembly sate was ^approximately 100 
mg/ml. The purification of the protein required a 
slightly different strategy, however; >A teample of 
hemolysate from 68-3 (about 10 mg) was loaded onto an 

10 HR 10/30 Biorad Macroprep High Q resin column 

equilibrated with 10 mM Tris-Cl and 20 nmM Glycine' at 
pH 8.7 (Buffer A). The hemoglobins were eluted at 2.5 
mls/min with a 5-00% linear gradient .of. Buffer B 
(Buffer A plus 250 mMNaCli over^SOO^ml (FIG. .23) ; 

15 Fractions were collected and analyzed by lEF' to assess 
purity which Was determined to "be *about «#5% > or better . 

13. DEPOSIT OF MICROORGANISMS 
The following plasmids^weret deposited ; with 
: 20 the American Type culture collection (ATCO),. 12301 

Parklawh Drive, Rockville; - Maryland 20852 on: December 
2, 1992. ' '' : ir ie^- --.c - : ■ 

plasmid - ■■>'•■ containing ::': ». accession mo^ 

psaf/pige(k) pige< globin igene > .= ■•: 75371 

pGem5/Pig)Spr(K) pig adult 0 globin 75372 

gene regulatory region 
pPig3»0 3' end of pig: ^ 75373 

/J glbbin g6he:< ; - 

30 Various publications: are cited herein which 

are hereby incorporated by reference -in their 
entirety. ■■ r '• it ' 
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WHAT IS CLAIMED IS:. :y , • t - - A . - v . - : . r 

1. A transgenic pig comprised of. the :DNA 
sequences encoding human alpha globin and human beta 

5 globin operably linked .to. profliot^r: elements where . 
human hemoglobin is produced in, at l,ea : &£- so^e of the, 
red cells of said pig -and in which the nucleic acid 
construct is the 426 constructors depicted in Figure 

10 

2. :A transgenic pig: comp?i^ed 0 of .the DNA 
sequences encoding human alpha globin ^-nd-, .human beta 
globin operably linked to : prqmoter , elements, where 
human hemoglobin is prod^ped //in at • least some; of . the 

15 red cells of said pig and .in , which .t&e, nucleic j^cid 
construct is the 427 ^q.orjstruct : a.s depicted in 
Figure 14. .. ■,,„•„; j i--^ i, . 

3. A transgenic; pig cpmpjris.ed , q$ : , the . DNA 
20 sequences encoding humai?. t ^lpha : globin, t ^nd . human beta 

globin operably linked. to propter, elements where 
human hemoglobin is produced in at least some of the 
red cells of said pig.and in whic^.th^^aniount; qf ^uman 
globin produced relative. tq r ^Pta ; l .Jtie^oglpbin is at- ; 
25 least twenty percent;.:: v x . ..{ ... : . t -.^ 

4. A transgenic-; pig comprised pf. a DNA . 
sequence comprising . the pig adult . ft f globin regulatory 
region as contained , in . plasm^d pGe^S/PigjSpr (K) , 

30 deposited with the American Type Culture Collection 
and assigned accession number 75371, operably linked 
to a gene, in which the gene does not encpde pig „ adult 
P globin, where the gene ..is expressed, in at least some 
of the red blood cells. of said pig. . 



5. The transgenic pig of claim 4 in which 
the gene is human jS globin. 
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6; • The transgenifc-vpig-.of. claim 4, in which 
the gene encodes a nonnglobin; protein.,. 

7. A transgenic pig 'Comprisied: : of a DNA 

5 sequence comprising the i3 * .region of „ the pig adult /? 
globin gene, as contained :in; plasmid pPig3'0, 
deposited with the American .Type Culture Collection 
and assigned accession nui&foer 75372, operably linked 
to a gene, in which the gene is not pig adult j8 
10 globin, where the gene, is ..expressed in. at least some 
of the red blood cells t .of t $aid> pig; . 

8. The transgenic ?vpig ; }Of qlaim 7 in which 
the gene is human £ glpbin; 

15 r*.... : 'j i.*=i \ m y K; - -.- - , ; _ 

9, The tr.atnsge.nic*. pig of claim 7 in which 
the gene encodes a non-globin protein. 

10, A purified and isolated nucleic acid 
20 comprising: the pig adult 0 globin regulatory region 

as comprised in plasmid pGemS/PigjSpr (K) , as deposited 
with the American Type Culture Collection and assigned 
accession number 75371. 

25 11. A purified and isolated nucleic acid 

comprising: the pig e globin gene as comprised in 
plasmid pSaf /pige (K) , as deposited with the American 
Type Culture Collection and assigned accession number 
75373. 

30 

12. A purified and isolated nucleic acid 
comprising: the 3' region of the pig adult /? globin 
gene as comprised in plasmid pPig3'j3, as deposited 
with the American Type Culture Collection and assigned 
35 accession number 75372. 
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13 . A transgenic pig comprised of the DNA 
sequences encoding human alpha globin and human beta 
globin operably linked to promoter elements where 
human hemoglobin is produced "in at least some of the 
5 red cells of said pig and in which the nucleic acid 
encoding human alpha globin or human beta globin 
comprises a mutation which increases the level of 
authentic human/human dimer in. the transgenic pig. 

10 14. The transgenic pig of claim 13 wherein 

the mutation in human alpha hemoglobin is selected 
from the following group of alpha-chain mutations: a 
Thr at position 30 instead of ;Glu; a Tyr at position 
36 instead of Phe; a Phe instead of Leu at position 

IS 106; a Ser or Cys instead of Y^l at position 107; and 
a Cys instead of Ala at position 111. 

lSC The transgenic pig of claim 13 wherein 
the mutatiQQp in human beta hemoglobin is selected from 

20 the following group of beta-chain mutations: a Leu 

instead ; of &kl at position 33 ; a lie instead of Cys at 
position llgj a V^l or Leu instead of Ala at position 
115; a His ilnstead of Gly at position 119; a Met 
instead of .Pro at position 1 128;: and a Glu instead of 

25 Gin at position 131. 

c ' •- 

16. The transgenic pig of claim 15 wherein 
the mutation in human beta hemoglobin is a Cys to Val 
change at position 112. ; 

30 

17. A transgenic pig comprised of the DNA 
sequences encoding human alpha globin and human beta 
globin operably linked to promoter elements where 
human hemoglobin is produced in at least some of the 

35 red cells of said pig and in which the nucleic acid 
construct is the hemoglobin Presbyterian construct as 
depicted in Figure 1G. 
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18. A method for purifying human 
Presbyterian Hemoglobin from a mixture of human 
hemoglobin, pig hemoglobin, and human/pig hybrid 
hemoglobin, comprising: 

5 (i) collecting red blood cells from a 

transgenic pig according to claim 
17; ' 

(ii) releasing the contents of the 
collected red blood cells to 

10 produce a lysate; 

(iii) applying the lysate of step (ii) 
to a High Q resin column 
equilibrated with 20 mM Tris-Cl 
and 20 mM Glycine at a pH 8.1; 

15 (iv) eluting the column, with a linear 

salt gradient of 9-^16% in buffer 
qontaining lOmM TiKis-Cl, 20mM 
-Glycine, 250mM NaCl at pH 8.1; and 
(v) collecting the fractions that 

20 contain purified human 

Presbyterian "Hb. ^ 

19. A. transgenic pig comprised of the DNA 
sequences encoding human alpha globin and human beta 

25 globin operably linked to promoter elements where 

human hemoglobin is produced in at least some of the 
red cells of said pig and The transgenic pig of claim 
1 in which the nucleic acid construct is the 
hemoglobin Yoshizuka construct as depicted in Figure 

30 IF. 

20. A method for purifying. human Yoshizuka 
Hemoglobin from a mixture of human hemoglobin, pig 
hemoglobin, and human/pig hybrid hemoglobin, 

35 comprising: 
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collecting red blood cells from a 
transgenic pig according to claim 
19; 

releasing the contents of the 
collected red blood cells to 
produce a lysate; ✓ 
applying the lysate. of step (ii) 
to a High Q resin column 
equilibrated with lQinM Tris-Cl and 
20mM Glycine a V a pH 8 V 7; 
eluting the column with a linear 
salt gradient of 5-30% in buffer 
containing lOmM Tris-Cl , 20mM 
Glycine, 250mM NaCi * v at pH 8.7; and 
collecting the fractions that 
contain purified human Yoshizuka 

h& n-; 
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FIG. 5 
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Adult pig globin promoter 



10 20 ; 30 40 50 60 

CCCCAGCCCT TTTTCCAGGT CAGCGCAGGG AAAAAACATG TTCTCTGTCC CTGGTTATAC 

70 j 80 ; 90 100 110 120 

TGTTTAGAAA CATCACCTCC CTCGGCGAAA CTAAAACTTG GGGGTTG CAA TTTATTCCTT 

130 140 ; 150 . . 160 170 180 

GCTTCTTTGT ATTTCGTACC ACATTGAGAG AGCTCTAGGT TTTCATCCGC AGATTCCCAA 

190 2-00 1^210 :■ 220 230 240 

ACCTTCGCAG AGG&GCTGTT TCACAGGACC GTGATTCAAG TTTACTCTAC TTTTCCATCA 

250 ; : 260 270 280 290 300 

TTTATTTGGT CATATGTTTA AATGAAGAAA GAAAGGAATG A AGATACC TG AATGAAATGA 

310 320 -330 .340 350 360 

GTATTTGTTT TClTACCAGC AGGACtGAAT ACAAATGAAG . AG AAG AAAAA TACGCACATT 

370 380 'S-S390 400 410 420 

TAGGACTTGG GCAGAGGTT T TATCCA GGCT CTCCTT(3TGG . TTATTTCCCA TATTCAGAAG 

430 44-0 450 •' 460 470 480 

GCGCGGGTGT GGATTCGTCT GTATGGTCCT AAATTGAACC ACAGTGGTCA AATCCCTCCA 

490 . 500 ' ilO 520 530 540 

CTTTCTGCTC CTTGGATTCT TCGTTTGTGT ACTAAGAAAA TGGGGAGGCA GTCTCTAAGA 

550 560 'i:,570 580 590 600 

GATTGCTACA GTGGGACTCA ACTCTAAAAG TTGTACAGAC TTGCTAAGGA GGATGAAATT 
'. . ' ' •'• 

610 ; r 620 ! 630 .: 640 650 660 

AGTAGCACTT TGCACTGTGA GGATGGACCT AGAGCTCCCC AGAGAAGGGC TGAAGGTCTG 

670 680 690 700 710 720 

AAGTTGGTGC CAGGAACGTC TCGAAGACAG GTATACTGTC AACATTCAAG CCTCACCCTG 

730 740 : 750 760 770 780 

TGGAACCACG CCCTGG.CCTG GGCCAATCTG CTCCCAGAAG CAGGGAGGGC AGGAGGCTGG 

790 jv:^.: 800 : 8£0 |320 830 84 0 

GGGGGCATAA AAGGAAGAGC AGAGCCAGCA GCCACCTA.CA TTTGCTTCTG ACACAACCGT 

850 860 iy.'8$0 880 

GTTCACTAGC AACTGCACAA ACAGACAA Cfr TGfe TGCATCT GTCTGCTGA 
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} , , , CCCCACCCCTTTTTCCAGG7CACCCCAGCGAAAAAACA7GTTCTCTGTCCCTCCTTATAC 

123? CCCCACACACTCTTGCACATTAGTCCACGCAGAAA CA C77AGATGTCCCCAG7TAACC 

61 TC T TTACAAACATCACC7C CCTCCGCCAAACTAAAACTTGGGCGTTGCAATTTATT'" 

1 K 5 TCCTATTTG ACACCACTGATTACCCCATTG ATAGTCACACTTTCCG TTGTAACTC ACTT 
** •; * * *• *** ** • **• ••*«' m * * * • * 2 

1 1 6 CTTCCTTCTTTCTATTTCGTACCACATTC AG AG AGCTCTAGGTTTTCATCCGCAGATTCC 

K0< TTTATTTATTTGTATTTTTCACTCCAT^ 



» * * * 



* * * * * 



179 CAAACGTTCGCAGAGGAGCTGTTTCACAG G ACCGTC ATTCAAGTTTA CTCTACTTTTC 

CAAAACCTAATA AGTAACTAATCCACAGAGCACATTCATTTCTATTTA7TCTATTTTTA 
* * *** ***** ^ * ♦ ^ * ^ 

2 36 CATC ATTTATTTGGTCATA^CTTTAAATGAAG AAA-- * 2 70 

152 3 G A^TAATTTATTAGCATGCATGAGCAAATTAAGAAA ■ "1559 
* • ' ■ * ****** **• * 

Hatches = 1|7 6 ; Length - 277 : Matches/ length * 63. 5. percent 

111* £^5^ TACGCAC A 

1629 TT ip. 1 C;l 1 1 1 ^ 1 1 ACCACAAGGTTTTAATCCAAATAAGGAQ^AGATATGCTTACAACTGA 



*** * * * * * 



** * . *** **** *>* * ** *#** * ** * 

<19 • AGGCGCGGG TGTGGAT TCGT CTCTATGGTGeTXAATTGAAC CXC xcrr rpr a a 
17 4 6 AA<™»TCCMCTA«T^ 

♦ ..... ... » . ...... • . ....... .. 

XB 06 CTGCATCAJ^mCTTATCTCTCTAy 

?2L TCTCTAA GAGATTGCTAC AGTCGG ACTCA ACTCTAAAACTrGTACACACTTGCTAA 

is 6 5 accaacctctgattccaaatattacgtaaatacacttg^ 

* * * * ** * • • **♦****»**. ^ - ^ - ^ • . . . . 



***** ** * 



58 6 CGAGGATGAAATTAGTAGCACTTTCCACTGTCAGG-kTbG ACCTAGACCTCCCCAGAGA 

1924 G CAATTTGT ACTG A TGGTATGGGGCCAAGAGA7ATATCTTAGAGGGAGGCCTGAGGGTT 

* *** ****** **** *** » • - * * * * **** ** *** f 



f i ! , AGGGCTGAAGGTCTGAAGTTGCTGCCAGGAACCTCTCGAAGACAGGTATA CTGTCAACA 

1983 tga!agtccaactcctaacccagtgccagaagac c caaggacaggtacggctgtEatca 

* *** *.■*#*# * * * • • ******* : *** * 

, H£^ GCCT ^ CC CTCTGG^^ 

2041 CTTAGACCTCACCCTGTGGAGCCACACCCTAGGCTTCGCCAATCTACTCCCAGGAGCAGG 

* *\ ** * • .'**** ^ *" ^ 

765 GAGCGCAGGAGCCTGGGG CCGCATAAAACGAACAGCAGACCCACCAGCCACCTACATTT 

2101 GACGGCAGGACCCAGGGCTCGGCATAAAAGTCAGGCCACACCCATCTATTCCTTACATTT 
* * ** •* * * • ♦ ***** * 

5?ii SS^Si GACACAAGCGTG ^ CAGTAGGAACTGCAGA ^ G ^ G - :| CAACATGGTGCATCTGTC 
2161 GCTTCTGACACAACTGTGTTCACTACCAAC CTCAAACACACACCATGGTGCACCTGAC 

* *• • * * • 

oS^ TGCTGA 389 , Q 

2219 TCCTCA , 2224 * I C^CtAJl — /- 
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